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This thesis reports on the synthesis of low-valent α-diimine iron and cobalt complexes and 
their application in reductive catalysis. Chapter 1 introduces the versatile chemistry of 
α-diimine iron and cobalt complexes used in catalysis. Chapter 2 shows the differences 
between two α-diimine ligands in anionic cobalt complexes and the resulting reactivity 
towards white phosphorus. Chapter 3 describes the dehydrogenation of amine-boranes 
catalyzed by an α-diimine cobaltate and subsequent transfer hydrogenation of C=C and C=N 
bonds. Chapter 4 deals with the hydrogenation of challenging C=C and C=N bonds catalyzed 
by an in situ system of an α-diimine cobalt dibromide and lithium superhydride. Chapter 5 
describes the heterogeneous hydrogenation of challenging olefins catalyzed by nickel(0) 
nanoparticles. The particles are formed under catalytic conditions from a dianionic 
cyclooctadiene nickel complex. Chapter 6 reports on the synthesis of heteroleptic and 
homoleptic anionic α-diimine iron complexes and their characterization with various 
experimental and theoretical methods. Heteroleptic ferrate complexes are efficient 
pre-catalysts for the homogeneous catalyzed hydroboration of carbonyl compounds. Chapter 
7 describes utilization of an α-diimine cobaltate complex for the direct synthesis of an anionic 


















Diese Dissertation handelt von der Synthese niedervalenter α-Diimin-Eisen- und 
Cobaltkomplexe und deren Anwendung in der reduktiven Katalyse. Kapitel 1 setzt sich mit 
der Chemie von α-Diimin-Eisen- und Cobaltkomplexen auseinander, wobei der Fokus auf 
Katalyse liegt. In Kapitel 2 werden die Unterschiede zwischen zwei verschiedenen α-Diimin-
Liganden in anionischen Cobaltkomplexen herausgearbeitet. Die unterschiedliche Reaktivität 
wird exemplarisch in der Aktivierung von weißem Phosphor dargelegt. Kapitel 3 beschreibt 
die Dehydrierung von Amin-Boranen mit katalytischen Mengen eines α-Diimin-Cobaltats. 
Der Wasserstoff kann von der aktiven Katalysatorspezies direkt auf C=C- und C=N-
Bindungen übertragen werden. Kapitel 4 handelt von der Hydrierung anspruchsvoller C=C- 
und C=N-Bindungen, die durch ein in situ erzeugtes System aus einem α-Diimin(dibromido) 
cobalt-Komplex und Lithiumsuperhydrid erfolgreich katalysiert wird. Der Fokus dieses 
Kapitels liegt vor allem auf Vergiftungsstudien und stöchiometrischen Reaktionen. Ein 
dianionischer Bis(cyclooctadien)nickelkomplex als Präkatalysator in der Hydrierung 
anspruchsvoller Olefine ist Gegenstand des Kapitels 5. In Kapitel 6 wird die Synthese und 
Charakterisierung homo- und heteroleptischer anionischer Eisenkomplexe mit verschiedenen 
experimentellen und theoretischen Methoden besprochen. Die heteroleptischen Komplexe 
zeigen hierbei eine beachtliche Aktivität in der homogen-katalysierten Hydroborierung von 
Carbonylverbindungen. In Kapitel 7 wird von der Verwendung eines 
α-Diimincobaltkomplexes zur direkten Synthese eines anionischen dreizehneckigen 
closo-Cobaltacarboran-Cluster berichtet. Abschließend werden in Kapitel 8 die Ergebnisse 
dieser Dissertation zusammengefasst. 
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1 Heteroleptic α-Diimine Fe and Co Complexes in Catalysis 
1.1 Introduction 
Catalysis is a fundamental principle without which life would not be possible. The term 
“catalysis” was introduced into science by Berzelius in 1835, who described the 
phenomenon that some compounds are able to initiate reactions at a certain 
temperature only by their presence. Later, Ostwald further defined the concept of a 
“catalyst” through his development of reaction kinetics around the turn of the 20th 
century. He received the Nobel prize for chemistry in 1909 for this milestone.[1] 
According to his explanation a catalyst is a compound which accelerates a chemical 
reaction without being consumed or influencing the thermodynamic equilibrium. 
Eyring also contributed to this field with his theory of transition states, with which it is 
possible to understand the catalytic phenomenon as illustrated in Figure 1. With the aid 
of a catalyst alternative pathways are made possible and transition states are stabilized. 
The difference in free enthalpy is not influenced.[2] 
 
Figure 1. Illustrative reaction energy profile in the absence (black curve) and in the presence (red 
curve) of a catalyst. Ea = activation energy, ΔG = Gibbs free enthalpy, cat. = catalyzed, S = starting 
material, P = product.  
 
By minimizing the need for elevated temperatures, industrial catalysis saves a lot of 
energy. Furthermore, it is not possible to imagine nature without catalytic processes. 
Transition metals are elemental ingredients of many catalysts in nature, which are 
called enzymes. These metalloenzymes are uniquely constructed by nature to perform 
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chemical reactions with high efficiency. For instance, carboanhydrase containing a zinc 
ion in its active site, catalyzes the reaction of water with carbon dioxide to give 
carboxylic acid with a turnover frequency of 106 molecules per second. Most 
metalloenzymes contain 3d metals such as iron, zinc, copper, manganese, and cobalt 
because of their higher availability in nature compared to 4d or 5d metals.[3]  
It is challenging for synthetic chemists to mimic nature and find efficient transition 
metal catalysts, which can be applied in industrial processes. Today, more than 80% of 
all industrially relevant reactions are catalyzed and generate molecules with a 
combined value of more than 400 billion euro per year (2007).[2] Unfortunately, 
complexes based on noble metals such as ruthenium, palladium, rhodium, iridium, and 
platinum are widely used. Typically, these are extremely efficient. Nonetheless, they 
suffer from some significant disadvantages compared to the lighter 3d metal 
complexes. Specifically, they are often scarce, expensive, and toxic, which provides 
compelling reasons to find alternative catalysts based on benign and more abundant 
metals such as iron, cobalt or nickel.[4] One important class of reactions are reductive 
transformations such as hydrogenations of unsaturated bonds (e.g. C=C, C=N, C=O, 
N≡N) or analogous hydroelementation (hydroboration, hydrosilylation) reactions. 
Typically, these reactions are catalyzed by transition metals.  
Hydrogenations constitute one of the most important reaction classes in the synthesis 
of bulk- and fine chemicals.[5] Here, homogeneous catalysts generally benefit of a more 
selective reaction, and milder reaction conditions compared to heterogeneous catalysts. 
This is particularly evident in the asymmetric hydrogenation of prochiral substrates. 
Highlighting the importance of such reactions, Knowles and Noyori received the Nobel 
prize in 2001 for their work on enantioselective catalytic hydrogenation reactions. For 
example, for the synthesis of L-DOPA, a Parkinson's drug, a prochiral olefin was 
hydrogenated using a cationic rhodium(I) complex bearing a C2-symmetric chiral 
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Scheme 1. Synthesis of L-DOPA using an asymmetric hydrogenation step (cod = 1,5-cylooctadiene). 
 
The selectivity and reactivity of a transition metal catalyst strongly depends on its 
ligand. As mentioned above, it is an important challenge to replace noble metals by 
earth-abundant metals. Noble metals typically prefer two-electron processes that are 
well-suited to become steps of a catalytic cycle (oxidative addition, reductive 
elimination). In contrast, for base metals one-electron redox changes also usually occur 
and it is hence far more difficult to achieve analogous controlled reactivity and 
selectivity. One attempt to overcome this limitation is to mimic the reactivity of noble 
metals, which involves the application of non-innocent/redox-active ligands, which 
participate in catalytic reactions.[8] This concept was introduced by Jørgensen and can be 
observed in dithiolene, catecholate, and porphyrin complexes, for example.[9] One of the 
most prominent classes of these ligands is the family of α-diimines. These have excellent 
acceptor properties and can be easily reduced by metals to their respective radical 
anions and dianions.[10] As a result, the oxidation state of the bound metal is often 
complicated to assign. Nevertheless, modern experimental and quantum chemical 
methods usually allow the oxidation state of the metal and the ligand to be determined 
quite accurately.[11] For α-diimine ligands, the analysis of C–C and C–N bond lengths 
by single-crystal X-ray crystallography is crucial. By adding electrons to the neutral 
α-diimine ligand, the C–C bond gains double bond character and is shortened, whereas 
the C–N bonds lose double bond character and are stretched (Scheme 2). Thus, 
experimentally determined bond lengths provide a reliable indicator of the oxidation 
state of the ligand and, by extension, the metal to which it is bound.  
 
Scheme 2. Reduction of a generic α-diimine ligand to its monoanionic and dianionic states. 
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α-Diimines are usually synthesized by condensation of a 1,2-dicarbonyl compound and 
an amine. The reaction is an equilibrium, which is generally acid catalyzed and can be 
shifted in favor of the desired product by removal of water from the reaction mixture. 
This can be efficiently achieved by adding water sensitive compounds such as 
titanium(IV)-tetrachloride, trimethylaluminum or molecular sieves, or through use of 
a Dean-Stark apparatus. The stereoelectronic properties of such α-diimines can 
conveniently be controlled by varying the groups attached to the nitrogen atoms, as 
well as the backbone carbons (Scheme 3).  
 
Scheme 3. General synthetic pathway to α-diimines and primary stereoelectronic impact of different 
substituents.  
 
1.2 Neutral α-Diimine Complexes 
α-Diimines as ligands in catalysis were first introduced by tom Dieck and co-workers. 
Their pioneering work described a bis(α-diimine)iron(0) complex, which can be 
activated by an organoaluminum compound and is then capable of catalyzing selective 
1,3-diene dimerization. For instance, the dimerization of 1,3-butadiene led to the 
formation of 1,5-cyclooctadiene. The equivalent chromium α-diimine complex also 
catalyzed the dimerization of olefins, e.g. isoprene (Scheme 4).[12]  
 
Scheme 4. Bis-1,4-diaza-1,3-diene Fe and Cr complexes in the catalytic olefin dimerization. 
 
As well as the 1,4-diaza-1,3-dienes as used by tom Dieck and co-workers the related, 
1,3-diiminopyridines (PDIs) are widely used as ligands for transition metal catalysts. In 
contrast to 1,4-diaza-1,3-diene, which acts as bidentate ligand, PDIs coordinate via three 
nitrogen donor atoms (Figure 2).[13]  
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Figure 2. Standard coordination modes of 1,4-diaza-1,3-diene and 1,3-diiminopyridine ligands. 
 
Early on 1,3-diiminopyridine ligands were successfully applied in catalysis in the field 
of olefin polymerization. The groups of Brookhart and Gibson contributed significantly 
with the synthesis of highly active iron and cobalt complexes.[14] Chirik and co-workers 
subsequently used these ligands for the synthesis of low-valent iron and cobalt 
complexes, which were active in a wide range of reductive transformations such as N2 
activation, hydrogenation of olefins, hydroelementation, and cross-coupling 
reactions.[15] Scheme 5 displays two examples in the hydrogenation of olefins, which 
illustrate the efficacy of this ligand system. Catalyst 1 is formed upon reaction of 
[(iPrPDI)FeBr2] (iPr = isopropyl) with two equivalents of NaBEt3H under a nitrogen 
atmosphere. The bis(dinitrogen) iron complex 1 is an effective hydrogenation 
pre-catalyst for a series of unfunctionalized 1,1- and 1,2-disubstituted olefins under 
mild conditions (5 mol% 1, 4 bar H2, 23 °C).[16] With the aid of a chiral PDI ligand, the 
similar cobalt methyl complex 2 was also effective in the asymmetric hydrogenation of 
olefins. Prochiral olefins were hydrogenated with high enantioselectivities up to 96% 




Scheme 5. Selected examples of 1,3-diiminopyridine iron and cobalt complexes developed by Chirik 
for the hydrogenation of C=C bonds. Dipp = 2,6-diisopropylphenyl.  
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Another important class of diimines are diazadienes bearing a polyarene backbone. 
Examples are the bis(imino)acenaphthenediimine (BIAN) and phenanthrenediimine 
(PhDi) families, which are illustrated in Figure 3.  
BIAN ligands can be synthesized on a multi gram scale from commercially available 
acenaphthenequinone and amines. Usually, aniline derivatives are used, which results 
in bis(aryl)iminoacenaphthene diimines (ArBIAN).  
 
 
Figure 3. Examples of widely used α-diimine ligands. (ArBIAN = bis(aryl)acenaphthenediimine; 
ArPhDi = bis(aryl)phenanthrenediimine). 
 
After the first mention of these ligands in the 1960s,[18] the coordination chemistry was 
established by Elsevier and co-workers. Aryl substituted BIAN ligands show noticeably 
different behavior compared to simple 1,4-diaza-1,3-diene, 2,2'-bypyridine, or 
1,10-phenanthroline ligands (Figure 3).[19] Specifically, the two exocyclic imine 
functionalities lead to better σ-donating and π-accepting properties. Moreover, the 
rigid backbone allows the nitrogen atoms to endure in the fixed cis orientation that is 
required for metal coordination. This orientation minimizes the cost of reorganization 
energy upon metal binding. The same behavior also applies for phenanthrenediimine 
ligands. The examples of catalysis using BIAN transition metal complexes were first 
described by Elsevier and van Asselt. A BIAN Pd(0) complex with one weakly-bound 
alkene ligand was used in the homogeneous hydrogenation of C=C and C=O bonds 
(Scheme 6).[19]a] Many other groups subsequently recognized the potential of this ligand 
class, and BIAN complexes were extensively studied in the polymerization of olefins as 
well as in other catalytic transformations.[20] 




Scheme 6. An [(ArBIAN)Pd(alkene)] complex as a pre-catalyst for the hydrogenation of an 
α,β-unsaturated carbonyl compound.  
 
Of particular interest to this thesis are the applications of these ligands in base metal 
(Fe, Co) catalyzed reductive transformations (hydrogenation, hydroboration, 
hydrosilylation). In the case of iron, there are several reports.[21] Findlater and 
co-workers reported BIAN iron benzene and toluene derivatives, which were used as 
pre-catalysts in the hydrosilylation of carbonyl compounds and imines as well as in the 
polymerization of L-lactide (Scheme 7).[21]a,f]  
 
 
Scheme 7. [(ArBIAN)Fe(toluene)] complex as a pre-catalyst for the hydrosilylation of ketones using 
diphenylsilane. iPr = isopropyl. 
 
Moreover, the same authors also described the application of [(ArBIAN)FeCl2] 
(Ar = Dipp = 2,6-diisopropylphenyl, Mes = 2,4,5-trimethylphenyl) in the selective 
reduction of esters to alcohols via hydrosilylation.[21]h] The catalytically active species 
here is obtained by activation with n-butyllithium. With the similar complex 
[(ArBIAN)FeBr2] (Ar = Dipp, Mes) the hydrosilylation of 1-hexene was possible, which 
was investigated by Hoyt and co-workers.[21] Jacobi von Wangelin and co-workers also 
used [(DippBIAN)FeCl2] as pre-catalyst and were able to hydrogenate sterically hindered 
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olefins after activation with three equivalents n-butyllithium. They proposed an anionic 
iron complex as the active species (Scheme 8).[21] 
 
 
Scheme 8. [(DippBIAN)FeCl2] as a potent pre-catalyst for the hydrogenation of sterically hindered 
olefins.  
 
In contrast to iron, reports of analogous cobalt complexes are scarce.[22] Ribeiro and 
co-workers used [(ArBIAN)CoCl2] (Ar = Dipp, Mes) in the polymerization of 
ethylene.[22]a] The groups of Ragaini and Beller synthesized cobalt based heterogeneous 
catalysts from [(BIAN)2Co]2+ precursors. These species displayed high activity in the 
hydrogenation of aromatic nitro compounds.[22]b]  
Phenanthrenediimines are not as common as a ligand in transition metal chemistry as 
BIAN derivatives. This is likely due to the fact that the synthesis of BIAN is simpler and 
better established. Phenanthrenediimines are typically synthesized in a two-step 
condensation reaction from phenanthrenquinone.[23] Reactivity studies on metal PhDi 
complexes are extremely rare. One example is the oxidative addition reaction of 
dihalogens X2 (X = Cl, Br, I) to a square-planar rhodium complex.[24] Recently, one ArPhDi 
palladium complex was reported which is an active catalyst for the ethylene/methyl 
acrylate co-polymerization.[25] This is the only described example for a transition metal 
PhDi catalyst so far. 
 
1.3 Olefin and Polyarene Metalates  
Our group has been working intensively in the field of reactive olefin and polyarene 
metalates.[26] A series of homo and heteroleptic complexes are accessible via 
straightforward synthetic procedures developed by the groups of Jonas and Ellis.[27],[28] 
Selected examples are shown in Figure 4. Emphasis has been on the application of these 
sources of “naked” metal anions in coordination chemistry. For instance, fascinating 
Chapter 1. Heteroleptic -Diimine Fe and Co Complexes in Catalysis 
9 
molecules have been synthesized through reaction with alkynes and 
phosphaalkynes.[26] In cooperation with Jacobi von Wangelin the catalytic activity of the 
bis(anthracene) cobaltate anion has been investigated. This “cobalt(1–) source” is 
capable of efficiently hydrogenating olefins under mild conditions as shown in 
Figure 4. The olefin hydrogenation reaction proceeds via a homogeneous 
mechanism.[29] The stabilization of the “Co–“ species by coordination of the substrate in 
solution seems to be crucial for the observed high activity. Under slightly harsher 
conditions (10 bar H2, 60 °C) bis(anthracene) cobaltate(1–) is also a potent pre-catalyst 
for the hydrogenation of ketones and imines (Figure 4). A heterogeneous mechanism is 
apparently present in this case: the formed products (alcohols, amines) react with the 
catalyst to effect formation of catalytically active cobalt nanoparticles.  
 
Figure 4. Olefin and polyarene stabilized cobaltate and ferrate anions and the application of 
bis(anthracene) cobaltate as an efficient pre-catalyst for hydrogenation reactions; tmeda = N,N'-
tetramethylethylenediamine.  
 
1.4 Heteroleptic Anionic α-Diimine Complexes 
Redox-active ligands such as α-diimines are well capable of stabilizing highly-reduced 
anions and as such are a subject of current research. While homoleptic α-diimine 
complexes are well explored,[30] heteroleptic complexes remain scarce.[21],[31] Metal 
complexes with one labile olefin or arene ligand in combination with a non-innocent 
α-diimine ligand are of especially great interest.[21],[32] In particular, anionic complexes 
in a highly-reduced state are promising pre-catalysts for reductive catalysis. Only a few 
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such anions have been reported so far. Uhlig and co-workers described the complexes 
14a,b and 15a (Figure 5) which were synthesized from the reaction of 
[Li(tmeda)][Co(η4-cod)2] (tmeda = N,N'-tetramethylethylenediamine) with 1,4-diaza-
1,3-dienes and 2,2'-bypryridine (bpy), respectively.[33] However, none of the complexes 
was fully characterized. Later on, Ellis and co-workers showed that 15b can also be 
obtained from the reaction of [K([18]c-6)][Co(η4-cod)(η4-C10H8)] (9) with bpy.[27],[28] 
Recently, Yang and co-workers described the synthesis and electronic structures of 
related dinuclear pyrene complexes (18, 19). So far, no further reactivity studies of these 
complexes are reported.[34]  
 
 
Figure 5. Anionic olefin and polyarene complexes of cobalt and iron with α-diimine ligands.  
 
A number of highly reactive Fe(I) and Fe(II) complexes (16, 17a,b) with chelating 
amido-olefin ligands and related saturated ligands were synthesized by Lichtenberg, de 
Bruin and Grützmacher.[35] These complexes show remarkable activities for the 
iron-catalyzed dehydrogenation of (alkyl)amino boranes and dehydrogenative 
coupling of silanes.  
Our group has also already contributed to this field. The reaction of ArBIAN (Ar = Mes, 
Dipp) with potassium bis(cyclooctadiene) cobaltate led to the formation of 20a,b in high 
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yields.[36] These highly-reduced α-diimine cobaltates can activate small molecules 
including white phosphorus and carbon disulfide, leading to the formation of dinuclear 
complexes through replacement of the labile 1,5-cyclooctadiene ligand. Preliminary 
catalytic reactions with 20a,b were also carried out. The dehydrogenation of 
dimethylamine-borane with complex 20a (5 mol%) at room temperature led selectively 
to the formation of the corresponding 1,3-diaza-2,4-diboretane, with only minor side 
products (Scheme 9).[37] 
 
 
Scheme 9. [(α-diimine)M(olefin/arene)]x– as a key structural motif, and the first catalytic application 
of [(DippBIAN)Co(η4-cod)]– (20a) in the dehydrogenation of dimethylamine-borane. 
 
1.5 Conclusion 
The application of highly-reduced cobaltate and ferrate anions in catalytic reactions is 
not yet very well investigated. Furthermore, the use of well-defined, pre-formed 
low-valent metal complexes in catalysis is conceptually different from widely used in 
situ systems, where a ligand metal salt is reduced under the reaction conditions to an 
unknown low-valent species, which is then catalytically active. 
It is of fundamental interest to understand the correlation between structural (metal 
oxidation state, sterical and electronic properties of the ligands) and catalytic 
properties. This is necessary for the development of new highly-reactive and selective 
catalysts for challenging reactions. In particular, the aim of this PhD thesis was to use 
the properties the BIAN and PhDi α-diimine ligand families for the synthesis of 
low-valent, heteroleptic complexes of iron and cobalt. These anions can be further 
applied in catalytic reductive transformations. 
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2 Acenaphthene- and Phenanthrenediimine Ligands in Low-Valent 
Cobalt Complexes 
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2.1 Introduction 
As mentioned in Chapter 1, low-valent heteroleptic cobaltate complexes with one 
α-diimine ligand and a π-hydrocarbon as a labile ligand are attractive targets as 
pre-catalysts in reductive catalysis, or for the activation of small molecules. Specifically, 
the π-hydrocarbon provides a site for facile ligand exchange, while high reducing 
power is facilitated by the anionic α-diimine cobalt fragment. There are only a few 
examples of such complexes known in the literature, which fulfills these requirements 
(Figure 1). Uhlig and co-workers reported the first example of this class by the reaction 
of [Li(solv){Co(η4-cod)2}] (cod = 1,5-cyclooctadiene, solv = solvent) with 2,2'-bypridine 
(bpy) or a glyoxal based α-diimine.[1] The authors analyzed these compounds only by 
elemental analysis and the measurement of their magnetic moments, however. Later 
on, Ellis and co-workers structurally characterized the [(bpy)Co(cod)]– anion as lithium 
salt using single-crystal X-ray crystallography (XRD) and confirmed the work of Uhlig 
and co-workers.[2] Yang and co-workers subsequently synthesized anionic cobalt 
complexes with an α-diimine ligand and pyrene as the π-hydrocarbon.[3] These 
complexes were intensively characterized by several techniques, including XRD, 
magnetic susceptibility measurements and DFT calculations. Our group has also 
recently contributed to this field with the synthesis of [K(thf)x{(ArBIAN)Co(cod)}] 
[Ar = Dipp (2,6-diisopropylphenyl); Mes (2,4,6-trimethylphenyl); BIAN = bisaryl 
(imino)acenaphthene], which was successfully used in the activation of small molecules 
(white phosphorus (P4), carbon disulfide, phosphaalkynes) and in reductive catalysis 
[(de)hydrogenation reactions]. These results represent the first synthetic application for 
those cobaltate anions.[4],[5] 
 
 
Figure 1. Known heteroleptic α-diimine cobalt anions.[4] 
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α-Diimine ligands can act synergistically as σ-donors and π-acceptors and are 
correspondingly able to stabilize low oxidation states.[6] They are also potentially redox-
active, which means that they are capable of storing and releasing electrons, which is of 
special interest in 3d metal catalysis as it is proposed to help facilitate “noble metal-
like” 2e– redox processes.[7],[8] There are two ways to control the steric and electronic 
properties of α-diimines: steric hindrance can be influenced by the choice of the groups 
which are connected to the nitrogen atoms. Usually, these groups are substituted 
phenyl rings. The electronic properties can be controlled by the substitution of the 
ligand backbone, especially in the case of polyaromatic backbones. 
Bisaryl(imino)acenapthene (BIAN) and phenanthrenediimine (PhDi) are two examples 
for this type. Both ligands consist of a polyaromatic backbone and are usually 
substituted with aryl groups on nitrogen. BIANs have been known since the late 1960s[9] 
and were introduced as ligands in coordination chemistry by van Asselt, Elsevier and 
co-workers.[10] BIAN metal complexes are more popular than the corresponding PhDi 
complexes, due to the facile synthesis of the ligands at multigram scale and excellent 
coordination behavior. Fedushkin and co-workers also showed that BIAN can store up 
to four electrons by reduction of DippBIAN using sodium metal.[11] However, in transition 
metal complexes the formal charge of BIAN usually lies in the range of 0 to –2. The 
determination of C–C and C–N bond lengths in the α-diimine unit is a sensitive method 
for the determination of the oxidation state of the ligand (Figure 2). This also applies to 
the PhDi ligand. In contrast to BIAN, this ligand favors a two-electron reduction in 
order to achieve an aromatic phenanthrene backbone, which is the case for almost all 
low-valent metal complexes with PhDi ligands.[12],[13] 
 
Figure 2. Standard C–C and C–N bond lengths (in Å) for ArBIAN transition metal complexes.[4] The 
same applies to the ArPhDi ligand, which is displayed as dianion with an aromatic backbone (right). 
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The combination of redox-active α-diimines and electron rich 3d metal centers is quite 
an interesting issue from a theoretical point of view. The electron rich 3d metal center 
can reduce the α-diimine ligand and the electronic structures of the resulting complexes 
can be diverse. Wieghardt and co-workers and Grützmacher and co-workers showed that 
for iron α-diimine complexes the presence of an antiferromagnetic coupling between 
the metal center and the α-diimine needs to be considered. Two examples are illustrated 
schematically in Figure 3.[14],[15] The homoleptic bis(α-diimine) iron complex was 
synthesized by Chirik and co-workers and theoretically investigated by Wieghardt and 
co-workers. The structure contains an Fe(II) high-spin center with two monoanionic 
α-diimine ligands. Both unpaired electrons from the ligands are coupled 
antiferromagnetically to two electrons from the Fe(II) center, resulting in a S = 1 ground 
state. A similar behavior is observed in the heteroleptic Fe(I) complex reported by 
Grützmacher and co-workers. One electron of the low-spin Fe(I) center is 
antiferromagnetically coupled to the electron of the ligand. Thus, an overall S = 0 
ground state is present, which is supported by DFT calculations. 
 
 
Figure 3. Selected examples of α-diimine complexes with antiferromagnetic coupling between a 
high-spin (h.s., left) and low-spin (l.s., right) metal center and the π-radical anion(s) of an α-diimine 
unit.  
 
Herein, a comparison between BIAN and PhDi from a theoretical point of view will be 
presented. Moreover, the synthesis and characterization of heteroleptic 
phenanthrenediimine cobaltates with π-hydrocarbons will be reported. These are 
compared to analogous BIAN complexes in order to identify the differences. Their 
distinct reactivity is exemplified by the activation of white phosphorus. 
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2.2 Results and Discussion  
2.2.1 Comparison between BIAN and PhDi  
At first glance, the generic PhDi and BIAN ligands look quite similar and have only a 
slight variation in their backbone. Both ligands are excellent π-acceptors and form 
complexes with electron-rich metal centers. To describe the electronic differences between 
both ligands more precisely, gas phase DFT calculations at the B3LYP/6-311G(d)[16],[17] level 
of theory were performed. The geometries of phenyl-substituted BIAN and PhDi ligands 
with different charges (neutral, monoanionic, dianionic) were optimized (Table 1).  
ΔE = 0 kcal mol–1 was defined as the neutral ligand with two free electrons. Addition of 
one electron to the neutral ligand led to a gain of energy in both cases. The monoanionic 
[PhBIAN]– ligand is 28.9 kcal mol–1 more stable than the corresponding neutral species. A 
similar result (ΔE = –32.7 kcal mol–1) was obtained in the case of [PhPhDi]–. The addition of 
one more electron is strongly disfavored for both ligands due to the repulsion of negative 
charges. However, it is experimentally proven that a second reduction is feasible.[11] In 
case of the second electron, the spin must be taken into account. Theoretically three 
different spin states are conceivable, which would result either in a closed-shell singlet 
(c.s.s.), an open-shell singlet (o.s.s), or a triplet ground state. For PhBIAN the triplet ground 
state (ΔE = +24.5 kcal mol–1) is higher in energy compared to the singlet ground states, 
which are similar in energy [ΔE = +20.5 kcal mol–1 (c.s.s) and ΔE = +20.9 kcal mol–1 (o.s.s.)]. 
In contrast to PhBIAN, PhPhDi shows a slightly different behavior concerning the second 
reduction. The double-reduced form remains disfavored but the closed-shell singlet spin 
state is only (ΔE = +4.5 kcal mol–1) higher in energy compared to neutral PhPhDi. 
Calculations for the energy of the open-shell singlet state were attempted in the same way 
as for PhBIAN. Nevertheless, this attempt failed and resulted in the closed-shell singlet 
solution. The triplet ground state (ΔE = +36.6 kcal mol–1) is much higher in energy. Taken 
collectively, these results suggest that PhPhDi is in principle a better electron acceptor than 
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Table 1. Properties of optimized aryl substituted BIAN and PhDi ligands. 
 
 PhBIAN [PhBIAN]- [PhBIAN]2- [PhBIAN]2- [PhBIAN]2- 
Charge 0 -1 -2 -2 -2 
Spin  S = 1 S = 0 S = 0 S = 3/2 
State   c.s.s. o.s.s triplet 
ΔE/ 
kcal mol–1 
+ 0.0 –28.9 +20.5 +20.9 +24.5 
 
 
No. PhPhDi [PhPhDi]- [PhPhDi]2- [PhPhDi]2- [PhPhDi]2- 
Charge 0 -1 -2 -2 -2 
Spin  S = 1 S = 0 S = 0 S = 3/2 
State   c.s.s o.s.s. triplet 
ΔE/ 
kcal mol–1 
+ 0.0 -32.7 +4.5 [e] +36.6 
[a] c.s.s = closed-shell singlet; [b] o.s.s = open-shell singlet; [c] t. = triplet; [d] The same approach as 
for PhBIAN was used.[e] Calculation resulted in the closed-shell singlet solution. 
 
2.2.2 Synthesis of Heteroleptic PhDi Cobaltates with π-Hydrocarbons Ligands 
The phenanthrenediimine ligands ArPhDi (Ar = Dipp, Mes) were synthesized in a two-step 
reaction starting from commercially available 1,10-phenanthrenequinone according to 
modified literature reported procedures.[18] The first condensation step of 
1,10-phenanthrenequinone with the corresponding aniline is acid catalyzed, whereas the 
second condensation requires titanium(IV)-chloride as dehydrating agent to push the 
equilibrium towards the product (Scheme 1).  
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Scheme 1. Synthesis of ArPhDi (Ar = Dipp, Mes) ligand in a two-step reaction. 
 
The cobalt complexes [K([18]c-6)][(ArPhDi)Co(η4-cod)] [Ar = Dipp (3), Mes (4)] were 
synthesized starting from [K([18]c-6)][Co(η4-cod)] using a ligand exchange reaction and 
were obtained in moderate yields (up to 54%) (Scheme 2). The complexes were isolated as 
ion-separated [K([18]c-6)]+ salts. 
 
Scheme 2. Synthesis of [K([18]c-6)][(ArPhDi)Co(η4-cod)] [Ar = Dipp (3), Mes (4)].  
 
For the mesityl-substituted complex (4), the molecular structure in the solid state could be 
determined by single-crystal X-ray crystallography. The molecular structure in the solid-
state is shown in Figure 4 (right). The analysis reveals a significantly distorted square 
planar coordination environment for cobalt with a twist angle of 42.6°. As illustrated in 
Figure 2, PhDi features the same characteristic bond lengths (C–C and C–N) as BIAN, 
which can be used to determine the formal charge of the ligand. In complex 3 the C–N 
(1.373(5) Å, 1.3968(4) Å) and C1–C2 (1.406(5) Å) bond lengths indicate a dianionic 
α-diimine ligand.[12] These bond parameters are similar to those found in 
[K(dme)4{(MesBIAN)Co(η4-cod)}] (2) (C1–C2: 1.377(5) Å; C–N: 1.378(5) Å, 1.370(4) Å) 
(Figure 4, left).[19] Consequently, both diamagnetic species are best described as cobalt(I) 
centers, with a d8 configuration. Structurally the MesBIAN and MesPhDi cobaltate complexes 
differ in the behavior of the mesityl groups. The C1–N1–C15 angle (119.3(3)°) is 
considerably wider than the equivalent angle C1–N1–C22 in the BIAN cobaltate 
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Figure 4. Solid-state molecular structure of [K(dme)4{(MesBIAN)Co(η4-cod)}] (2, left)[19] and 
[K([18]c-6)(thf)2][(MesPhDi)Co(η4-cod)] (4, right). The hydrogen atoms and the cation [K([18]c-6)(thf)2]+ 
for 2 and 4 are omitted for clarity. Thermal ellipsoids are drawn at the 40% probability level. Selected 
bond lengths [Å] and angles [°]: For 2: Co1–C32 2.004(4), Co1–C33 2.031(4), Co1–C36 2.027(4), Co1–C37 
2.039(4), Co1–N1 1.924(3), Co1–N2 1.936(3), C1–N1 1.378(5), C2–N2 1.370(4), C1–C2 1.377(5), C36–C37 
1.387(6), C32–C33 1.400(6); N1–Co1–N2 84.18(1). For 4: Co1–C33 1.996(4), Co1–C34 2.064(4), Co1–N1 
1.921(3), Co1–N2 1.931(3), C1–N1 1.396(4), C2–N2 1.373(5), C1–C2 1.406(5), C33–C44 1.402(7), N1–
Co1–N2 81.2(1) C1–N1–C15: 119.3(3). 
 
The 1H NMR spectra of 3 and 4 show sharp signals for the phenanthrenediimine ligand 
and give rise to three multiplets for the 1,5-cyclooctadiene ligand at 2.80 ppm (cod-CH), 
2.30 ppm (cod-CH2), 1.00 ppm (cod-CH) for 3 and 2.54 ppm (cod-CH), 2.30 ppm (cod-
CH2) and 0.99 ppm (cod-CH) for 4. These shifts are similar to the ones reported for 1 and 
2, for which upfield shifted multiplets (in comparison to free cod) were supposed to be 
caused by the coordination of cod to an electron-rich metal center.[20]  
The UV-vis spectra for both compounds (which are colored green in THF) are almost 
identical and have their main absorption peak at 442 nm [ε = 18500 L mol–1 cm–1 (3)], and 
436 nm [ε = 13500 L mol–1 cm–1 (4)], respectively (Figure 5). A sharper band at lower 
wavelengths [361 nm (ε = 14500 L mol–1 cm–1 (2)), 369 nm (ε = 12000 L mol–1 cm–1 (3))] 
located next to the main absorption band and a broad shoulder at 600 nm [ε = 3800 L      
mol–1cm–1 (3); ε = 3000 L mol–1 cm–1(4)]. For comparison, the UV-vis spectra of compounds 
1 and 2 are displayed in Figure 5 in addition (blue and green curve). The absorption at 
441 nm [ε = 12000 L mol–1 cm-1 (1)], 442 nm [ε = 10500 L mol–1 cm–1 (2)], (similar to the main 
absorption of 3 and 4), is accompanied by a second absorption (broad shoulder) at 662 nm 
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[ε = 8500 L mol–1 cm–1 (1)], 645 nm [ε = 6500 L mol–1 cm–1 (2)] is observed for these 
complexes. In contrast to complexes 3 and 4, complexes 1 and 2 are solvatochromic.[4]  
 
Figure 5 UV-vis spectra of compounds 1-4 in THF.  
 
In analogy, the reaction of bis(anthracene) cobaltate(1–) with DippPhDi (Scheme 2) led to 
the formation of the anthracene containing heteroleptic complex 5 . This is notable as the 
equivalent reaction with DippBIAN affords the homoleptic bis(α-diimine) complex 
[(BIAN)2Co]– as proven by single-crystal X-ray crystallography. This highlights the 
influence of the ligand and clearly confirms the ability of BIAN and PhDi to mediate 
divergent reactivity. 
 
Scheme 2. Synthesis of [K([18]c-6)][(DippPhDi)Co(η4-C14H10)] (5). 
 
Complex 5 was crystallized from DME/n-hexane in 56% yield, which directly afforded 
suitable crystals for single-crystal X-ray crystallography. According to its C–C (C1–C2 
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1.402(5) Å) and C–N (C1–N1 1.402(5) Å; C2–N2 1.420(7) Å) bond lengths, 5 also contains 
a dianionic PhDi ligand.[12] The intersection of the planes of the η4-diene and the 
uncoordinated exo-naphthalene unit of the anthracene moiety describes its dihedral angle 
of 26.2° according to the definition by Ellis and co-workers for [K[2.2.2]cryptand)(thf)x] 
[Co(η4-C14H10)2]. This angle is similar to the analogous one found for the parent 
bis(anthracene) cobaltate(1–) (27.8°)[21] and [Ni(η4-C14H10)(η2-EtPCH2CH2PEt)] (26.2°)[22] 
but larger than for [K([18]c-6)][Cp*Fe(η4-C14H10)] (21.8°).[23] This is characteristic for late 
transition metal complexes, whereas early transition metal complexes typically have 
larger dihedral angles. By means of electron counting, the anthracene ligand can either be 
described as neutral ligand with a Co(I) center or as dianionic ligand with a Co(III) center. 
 
 
Figure 6. Solid-state molecular structure of [K([18]c-6)(dme)2][(DippPhDi)Co(η4-C14H10)] (5). The 
hydrogen atoms and the cation [K([18]c-6)(dme)2]+ are omitted for clarity. Thermal ellipsoids are 
drawn at the 40% probability level. Selected bond lengths [Å] and angles [°]: C1–C2 1.409(5), N1–C1 
1.370(5), N2–C2 1.402(5), N1–Co1 1.880(3), N2–Co1 1.875(3), C39–C40 1.405(7), C41–C42 1.420(7), 
C39–C41 1.404(7), N1–Co1–N2 82.7(1). Due to a highly disordered cation, the structure could not be 
refined to a better R1 value than R1 = 9.6% with wR2 = 26.99%.  
 
The 1H NMR spectrum of 5 shows sharp signals and one set of multiplets for the 
phenanthrenediimine ligand. Of special interest is the chemical shift of the protons bound 
to those anthracene C atoms (C39–C42) which are directly coordinated to cobalt in 
η4-fashion. These two multiplets are significantly high-field shifted to 5.81 ppm and 
1.89 ppm, which experimentally confirm the π-acceptor property of the η4-diene unit. The 
UV-vis spectrum of 5 has two absorption bands at 354 nm (26000 L mol–1 cm–1) and 606 nm 
(13000 L mol–1 cm–1) which are also present in 3 and 4 (Figure 7). 
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Figure 7. UV-vis spectrum of complex 5 in THF.  
 
2.2.3 Comparison in White Phosphorus Activation 
The highly-reduced α-diimine cobalt complexes 1 – 5 are promising starting materials 
for the activation of small molecules due to the redox non-innocent α-diimine unit and 
the labile olefin/arene as placeholder. As discussed in section 2.1, complex 1 was 
successfully applied used for the activation of white phosphorus (P4).[4] This reaction led 
to a dinuclear, dianionic dicobalt tetraphosphido complex (6) (Scheme 3). Single-crystal 
X-ray crystallography revealed two P22– units bound between two cobalt(II) atoms, two 
monoanionic BIAN ligands, and two potassium cations which are coordinatively 
saturated by THF molecules. 
 
Scheme. 3. Synthesis of the dianionic dicobalt tetraphosphido complex 6.  
 
Complex 6 was electrochemically investigated by cyclic voltammetry and showed two 
reversible oxidation processes, as well as one irreversible oxidation. The stability of the 
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oxidized monoanionic and neutral complexes was experimentally confirmed by 
oxidation with ferrocenium salts and subsequent isolation as pure compounds. 
C. M. Hoidn performed the reaction of 3 and white phosphorus in a 1:1 ratio (Scheme 4). 
After work-up and subsequent crystallization from a toluene/n-hexane mixture, 
crystals of the newly formed complex 7 were obtained in 80% yield. These crystals were 
also found to be suitable for single-crystal X-ray crystallography. 
 
Scheme. 4. Synthesis of the mononuclear cobalt tetraphosphido complex 7.  
 
The molecular structure of this complex is shown in Figure 8 and confirms the presence 
of a [(DippPhDi)Co(η4-P4)]– anion with a terminally coordinated cyclo-P4 unit and a 
bidentate PhDi ligand. 
The P4 unit was highly disordered which prevent a detailed interpretation of its 
structure. Fortunately, the tungsten pentacarbonyl adduct of 7, [K([18]c-6)] 
[(DippPhDi)Co(µ2-η1-η4-P4)W(CO)5] (8) was quantitatively obtained in the reaction of 7 
and [W(CO)5(thf)] and shows an ordered structure, which allows for detailed analysis 
of the central P4 unit. The almost square cyclo-P4 unit shows P–P bond lengths of 2.132(4) 
to 2.173(5) Å (mean: 2.147(7) Å), which are in between the values expected for P–P 
single (2.22 Å) and double bonds (2.04 Å) and are similar to those found in other cyclo-P4 
complexes.[24] The C–C (1.42(1) Å) and C–N (1.36(1) Å) distances of the PhDi backbone 
indicate the presence of a rare monoanionic PhDi unit.[13] An oxidation state of +III for 
cobalt and a [P4]2– unit can be concluded from these data. The same can be assumed for 
7. 




Figure 8. Solid-state molecular structure of [K([18]c-6)][(DippPhDi)Co(η4-P4)] (7, top) and [K([18]c-
6)][(DippPhDi)Co(µ2-η1-η4-P4)W(CO)5] (8, bottom). Thermal ellipsoids are drawn at the 40% probability 
level. Hydrogen atoms and disorder of 7 are omitted for clarity. Selected bond lengths [Å] and angles 
for 8: W1–P1 2.521(2), 2.527(3), P1–P2 2.151(3), 2.173(5), P1–P4 2.134(3), 2.132(4), P2–P3 2.155(3), 2.133(6), 
P3–P4 2.153(3), 2.144(7), Co1−P1 2.314(2), 2.297(3), Co1−P2 2.394(2), 2.419(4), Co1−P3 2.313(2), 2.313(4), 
Co1−P4 2.405(2), 2.392(3), Co1−N1 1.880(6), 1.888(7), Co1−N2 1.888(6), 1.884(8), C1−N1 1.36(1), 1.36(1), 
C2−N2 1.35(1), 1.36(1), C1−C2 1.42(1), 1.42(1), P1−P2−P3 87.9(1), 87.4(2), P2−P3−P4 91.4(1), 92.5(2), 
P3−P4−P1 88.4(1), 88.2(2), P2−P1−P4 92.0(1), 91.7(2). 
 
There are only a few examples in the literature about transition metal end-deck P4 
complexes and further functionalization with electrophiles.[24] In a single example, 
Mezailles and co-workers investigated the reactivity of an iron cyclo-P4 complex by 
further coordination with copper(I) chloride or an electron deficient borane.[24]f] 
Density functional theory (DFT) studies at the OPBE[25]/def2-TZVP[26] level of theory 
gave further insight into the nature of the cyclo-P4 unit of the anion of 7. The optimized 
anionic model compound 7 (iPr substituted by Me to minimize computational cost) 
features a square planar cyclo-P4 ligand and P–P distances (2.148-2.152 Å) close to the 
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crystallographically determined mean value of the cyclo-P4 unit in anion 7 (2.147(7) Å). The 
aromaticity of the cyclo-P4 ligand was investigated by nucleus independent chemical shift 
(NICS) DFT calculations (Table 2), where the criterium for aromaticity is a significant value of 
>0. Conversely, a molecule is anti-aromatic if the NICS value is <0.[27] In comparison to the 
NICS(0) values of aromatic species (benzene = 8.2, cyclobutadienediide = 10.7) and the anti-
aromatic free P42− (−5.0),[28] the calculated NICS(0) value for the model complex of 7 (9.4) 
indicates a substantial aromatic character. Similar observations were also reported by Mézailles 
and co-workers for the P42− ligand in [(PhP(CH2CH2PCy2)2)Fe(η4-P4)].[24]f] 
 
Table 2. Calculated NICS(0) values. 
Compound NICS value[a] Character 
Benzene (C6H6) 8.1 aromatic 
Cyclobutadiene dianion [C4H4]2–  10.4 aromatic 
Tetraphosphacylobutadiene dianion [P4]2–- –4.7 anti-aromatic 
[(2,6-dmpPhDi)Co(η4-P4)]- 5.1 aromatic 
[a] NICS values calculated with the ORCA program package using OPBE/def2-TZVP level of theory. 2,6-
dmp = 2,6-dimethylphenyl 
 
Some of the key molecular orbitals (Löwdin population analysis) of [(2,6-dmpPhDi)Co(η4-P4)]– are 
shown in Figure 9. The fully occupied orbitals with the highest energies are the orbitals 148-
153. Of these, especially 148 (3, and 3), 150 (3dxy), and 153 (HOMO) (3dz2, and 3dxy) exhibit high 
d-orbital character. Therefore, a d6-configuration can be concluded. Orbitals 149 and 151 
meanwhile show the lone pairs of the P4 unit. Orbital 152 represents a bonding interaction 
between the PhDi ligand and cobalt. By contrast, the unoccupied orbitals 154, and 155 show 
metal/ligand antibonding character. 
 
                                    
155 (occu.: 0.000, 29% 3dyz ; 0.722 eV) 154 (occu.: 0.000, 19% 3dxz, 7% 3; 0.071 eV) 
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153 (occu.: 2.000, 63% 3, 15% 3dxz, 4% 3; -1.185 eV)  152 (occu.: 2.000 ; -1.455 eV) 
 
                              
151 (occu.: 2.000 ; -1.657 eV)    150 (occu.: 2.000, 40% 3dxy; -1.677 eV) 
                                   
149 (occu.: 2.000 ; -1.715 eV)  148 (occu.: 2.000, 51% 3, 16% 3, 18% 3dxz ;  -1.748 eV) 
 
Figure 9. Frontier molecular orbitals (Löwdin population analysis) of the model compound 
[(2,6-dmpPhDi)Co(η4-P4)]–, with an isosurface value = 0.05. 
 
The relatively high energy of the P-centered orbitals 149 and 151 indicates that 7 could be an 
excellent precursor for P−P bond formation reactions with diorganochloro-phosphanes to 
produce larger phosphorus cages. Reactions with R2PCl (R = Cy, tBu, Ph, N(iPr)2) proceeded 
quantitively in a salt elimination reaction to afford pentaphosphido complexes, which could 
be isolated in up to 77% yield by a simple work-up procedure (Scheme 3). Similar 
pentaphosphido cobalt complexes were previously reported by our group derived from a 
heterobimetallic cobalt-gallium complex.[29] The same reactivity pattern using the BIAN 
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supported dinuclear dicobalt tetraphosphido complex (6) led to a different result. Here, the 
reaction with diorganochlorophosphanes led to an oxidized neutral dicobalt tetraphosphido 
complex and diphosphanes. 
 
 
Scheme 5. Different reactivity of 6 and 7 towards diorganochlorophosphanes.  
 
These cyclo-P5R2 cobalt complexes (8) can be further functionalized using cyanides [M]CN (M 
= [nBu4N]+, [Et4N]+, [K([18]c-6)]+). Thus, the formation of [(DippPhDi)Co(η3-P3)(CN)]– (9) was 
confirmed by 31P{1H} NMR spectroscopy and isolated as the tetra-n-butylammonium salt 
([nBu4N]-9) followed by a reaction with [nBu4N]CN. In addition, formation of the new 
cyanodiphosphide anions [R2PPCN]– (10) (R = Cy, tBu, Ph N(iPr)2) was observed (Scheme 7). 
The reaction thus results in an unprecedented fragmentation of the polyphosphide ligand into 
P3 and P2 units, the latter one is freed from the coordination sphere of the metal. Only one 
related reaction involving the [3+2] fragmentation of a P5 species has been described in 
literature, which has a completely different outcome. As reported by Weigand and co-workers, 
the reaction of the cation [P5DippCl]+ with N,N′-bis(2,6-diisopropylphenyl)-4,5-dichloro-
imidazol-2-ylidene (IPrCl2) affords a triphosphaallyl cation [(IPrCl2)P3(IPrCl2)]+ and an 
inversely polarized phosphaalkene [(IPrCl2)P=P(Cl)Dipp].[30] 
 




































Scheme 6. Fragmentation of the pentaphosphido ligand. ([M] = [nBu4N]+, [Et4N]+, [K([18]c-6)]+). I and 
II are two conceivable resonance structures of the anion in 10. 
 
Both 9 and 10 were structurally characterized by single-crystal X-ray crystallography as 
[K([18]c-6)]+ salts [K-([18]c-6)][9] and [K-([18]c-6)][10]. The solid-state molecular structure of 
the cyanodiphosphide anion [K-([18]c-6)][10] shows an almost linear, phosphanyl-substituted 
PCN moiety (P1-C1-N1 178.4(1)°) with a P−P distance of 2.1895(4) Å, i.e. close to a typical 
single bond (Figure 10). The structural motif is reminiscent of Schmidpeter’s [RPCN]– (R = CN, 
Ph) anions.[31] Recently, Borger and Grützmacher have also described related cyanophosphides 
[(NHP)PCN]– with bulky N-heterocyclic phosphenium (NHP) substituents, which feature 
similar bond parameters.[32]  
 
Figure 10. Solid-state molecular structure of [K([18]c-6)][tBu2PPCN] (10-tBu). Thermal ellipsoids are 
drawn at the 40% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths 
[Å] and angles for: P1−P2 2.1895(4), P1−C1 1.763(1), C1−N1 1.160(2), K1···N1 2.828(1), P1−C1−N1 
178.4(1), C1−P1−P2 92.43(4). 
 
Similarly to those compounds, the electronic structure of the anion in salt 10 may be described 
using either a cyanophosphide (−P−C≡N, I) or a phosphaketeneimide (P=C=N–, II) resonance 
structure (Scheme 5). A natural resonance analysis[33] and natural bond analysis at the 
B3LYP/6-31G+*[34] level of theory shows that the phosphaketeneimide form in fact plays only 
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a relatively minor role in the electronic ground state of 10-tBu (I: 69% vs. II: 23%). Analogous 
calculations for related cyanate and phosphaethynolate anions (O−−C≡X vs. O=C=X−, X = N, P) 




Scheme 7. Result of natural resonance theory analysis of 10-tBu at the B3LYP/6-31G+* level of theory.  
 
2.3 Conclusion 
Within this work, the stereoelectronic properties of two α-diimine ligands (BIAN vs. 
PhDi) were discussed and compared using DFT calculations. Moreover, three new 
α-diimine (PhDi) cobaltates 3 – 5 were synthesized and compared to the corresponding 
BIAN cobaltates 1 and 2. Interestingly, the differences in their stereoelectronic 
properties resulted in distinct reactivities in the activation of white phosphorus. In case 
of DippBIAN a dinuclear dicobalt tetraphosphido complex 6 was formed, whereas the 
DippPhDi cobaltate led to a cyclo-P4 end deck complex 7, which was successfully further 
functionalized with RPCl2 electrophiles. The cyclo-P4 unit of 7 was tested for aromaticity 
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2.5 Supporting Information 
2.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Chemicals and Solvents: Solvents were dried and degassed with an MBraun SPS800 
solvent-purification system. THF, diethyl ether were stored over molecular sieves (3 Å). 
n-hexane was stored over a potassium mirror. 1,2-Dimethoxyethane was stirred over 
K/benzophenone, distilled and stored over molecular sieves (3 Å). All chemicals were 
purchased from commercial suppliers and used as received, if not stated otherwise. 
[K(dme)2{Co(η4-C14H10)2}] was prepared by Julia Märsch and Marion Till. Cobaltocene was 
provided by the inorganic lab course “Fortgeschrittenenpraktikum Metallorganik”. 
Computational Details: Calculations were carried out with the ORCA[1],[2] (for 6, NICS) and 
Gaussian[3] (chapter 2.2.1, 9, NRT analysis) program package. All geometry optimizations were 
performed at the B3LYP[4]/6-311G(d)[5] (chapter 2.2.1), OPBE[6]/def2-TZVP[7] (6, NICS), 
B3LYP[4]/6-31G+*[8] level of theory in the gas phase. Frequency calculations were carried out to 
confirm the nature of stationary points found by geometry optimizations. 
Elemental Analyses: CHN analyses were recorded by the analytical department of the 
University of Regensburg using a Micro Vario Cube (Elementar). 
NMR spectroscopy: 1H, 13C{1H}, 31P, and 31P{1H} spectra in solutions were recorded on Bruker 
Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz) if not stated otherwise. These 
chemical shifts are given relative to solvents resonances on the tetramethylsilane scale (1H and 
13C NMR) and 85% H3PO4 in aqueous solution (31P, 31P{1H} NMR). The following abbreviations 
have been used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, 
m = multiplet, dd = doublet of doublets, dt = doublet of triplets. 
Melting point: Melting points were measured on samples in sealed capillaries on a Stuart 
SMP10 melting point apparatus.  
UV-vis spectra: UV-vis spectra were recorded on an Ocean Optics Flame spectrometer (Varian 
Cary 50 spectrometer) in a Quartz cuvette with a layer thickness of 1 cm at room temperature 
with a concentration of 10–4 to 10–6 M.  
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Single-crystal X-ray crystallography: The single crystal X-ray diffraction (XRD) data were 
recorded on an Agilent Technologies SuperNova and a GV1000, Titan S2 diffractometer with 
microfocus Cu Kα radiation (λ = 1.54184 Å), which was used in each measurement. Empirical 
multi-scan[9] and analytical absorption[10] corrections were applied to the data. The structures 
were solved with SHELXT[11] and least-square refinements on F2 were carried out with 
SHELXL.[12] 
  
Chapter 2. BIAN and PhDi Ligands in Low-Valent Cobalt Complexes 
38 
2.5.2 Synthesis of Starting Materials 
2.5.2.2 Synthesis of Potassium-bis(cyclooctadiene) cobaltate [K(thf)0.2{Co(η4-cod)2}] 
[K(thf)0.2{Co(η4-cod)2}] was synthesized according to Jonas and co-workers.[13] 
 
Cobaltocene (9.0 g, 47.8 mmol, 1.0 equiv.) and distilled 1,5-cyclooctadiene (17.7 mL, 144 mmol, 
3.0 equiv.) were transferred to potassium metal (7.5 g, 191.8 mmol, 4.0 equiv.) at 0 °C. The 
reaction mixture was stirred at 0 °C for 10 h with exclution of light. The reaction mixture 
turned yellow-brown while stirring. The mixture was stored at –80 °C overnight. 
Subsequently, the suspension was filtered at –80 °C, the filtrate was concentrated and layered 
with diethyl ether. Dark yellow crystals were isolated after four days at –30°C and dried in 
vacuo (7.5 g, 48.0%). The isolated compound may contain a variable amount of THF. This 
sample contained 0.2 THF molecules per formula unit based on elemental analysis. 
 
Formula: CoC16H24 ·(C4H8O)0.2 (MW = 328.82 g mol–1) 
Yield: 7.5 g (22.8 mmol, 48%) 
1H NMR (300.13 MHz, 300 K, THF-d8) δ[ppm]: 2.20 (s, 16H, cod-CH2), 1.88 (s, 8H, cod-CH) 
Elemental analysis calcd. for C16H24Co·(C4H8O)0.2 (328.82 g mol–1): C: 61.37 H: 7.85; found: C 
61.44 H 7.77 
 
2.5.2.2 Synthesis of DippPhenanthrenediimine 
DippPhenanthrenediimine was synthesized according to Abakumov and co-workers (step 1)[14] 
and Cherkasov and co-workers (step 2).[15] 
Step 1 
 
2,6-Diisopropylaniline (4.0 mL, 21.2 mmol, 1.8 equiv.) was added to a solution of 
9,10-phenanthrenequinone (2.5 g, 12.0 mmol, 1.0 equiv.) and few drops of formic acid in 80 mL 
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methanol. The reaction mixture was stirred for 24 h under reflux. The reaction mixture was 
cooled to 0 °C and the solid collected by filtration and washed with 50 mL cold methanol. The 
crude product was recrystallized from n-heptane. DippPhenanthrene-o-iminoquinone was 
isolated as green crystals. 
 
Formula: C26H25NO (M = 367.49 g·mol–1) 
Yield: 2.57 g (7.0 mmol, 58%) 
1H NMR (300.13 MHz, 300K, CDCl3): δ [ppm]: 8.40 (d, J = 7.4 Hz, 1H, Phen-H), 8.06 (d, 
J = 7.7 Hz, 2H, Phen-H), 7.97 (d, J = 7.7 Hz, 1H, Phen-H) 7.67 (m, 2H, Phen-H), 7.51 (t, J = 7.5 Hz, 
1H, Phen-H), 7.39 (t, J = 7.5 Hz, 1H, Phen-H), 7.14 (m, 3H, Ar-H), 4.51 (sept, J = 6.8 Hz, 2H, 




Freshly distilled and dry 2,6-diisopropylaniline (3.5 mL, 18.6 mmol, 2.6 equiv.) was added to 
a solution of DippPhenanthrene-o-iminoquinone (2.66 g, 7.2 mmol, 1.0 equiv.) in 20 mL dry 
toluene. Titanium(IV)-chloride (0.85 mL, 7.8 mmol, 1.1 equiv.) was added dropwise. The 
reaction mixture turned red under formation of titanium(IV)-dioxide and was stirred for 4 h 
at ambient temperature before 40 mL water was added carefully. The organic phase was 
separated and the aqueous phase extracted with toluene. Combined organic phases were dried 
over Na2SO4, filtered and concentrated in vacuo. The resulting oil was recrystallized from hot 
acetonitrile. Full crystallization of orange crystals was achieved at 0 °C. 
DippPhenanthrenediimine was isolated by decanting and drying in vacuo.  
 
Formula: C38H42N2 (M = 526.77 g·mol–1) 
Yield: 1.74 g (3.3 mmol, 46%) 
1H NMR (400.13 MHz, 300K, CDCl3): δ [ppm]: 8.37 (d, J = 7.8 Hz, 1H, Phen-H), 7.95 (d, 
J = 7.7 Hz, 1H, Phen-H), 7.91 (d, J = 7.7 Hz, 1H, Phen-H) 7.65 (t, J = 7.5 Hz, 1H, Phen-H), 7.54 (t, 
J = 7.5 Hz, 1H, Phen-H), 7.36 (t, J = 7.5 Hz, 1H, Phen-H), 7.10 (m, 3H, Ar-H), 6.91 (m, 4H, Ar-H 
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and Phen-H), 6.68 (d, J = 7.8 Hz, 1H Phen-H), 2.82 (sept, J = 6.8 Hz, 2H, CHDipp), 1.85 (sept, 
J = 6.8 Hz, 2H, CHDipp) 1.16 (d, J = 6.8 Hz, 12H, CH3 Dipp), 1.03 (d, J = 6.8 Hz, 12H, CH3 Dipp), 0.75 
(d, J = 6.8 Hz, 12H, CH3 Dipp), 0.59 (d, J = 6.8 Hz, 12H, CH3 Dipp) 
 
2.5.2.3 Synthesis of MesPhenanthrenediimine 
MesPhenanthrenediimine was synthesized analogous to DippPhenanthrenediimine 
Step 1 
 
2,4,6-Trimethylaniline (3.0 mL, 21.2 mmol, 1.8 equiv.) was added to a solution of 
9,10-phenanthrenequinone (2.5 g, 12.0 mmol, 1.0 equiv.) and few drops of formic acid in 80 mL 
methanol. The reaction mixture was stirred for 24 h under reflux. The reaction mixture was 
cooled to –10 °C and the solid collected by filtration and washed with 50 mL cold methanol. 
The crude product was recrystallized from n-heptane. MesPhenanthrene-o-iminoquinone was 
isolated as green-brown powder. 
 
Formula: C23H19NO (M = 325.41 g·mol–1) 
Yield: 1.38 g (4.2 mmol, 35%) 
1H NMR (300.13 MHz, 300K, CDCl3): mixture of two isomers δ [ppm]: 8.45 (d, J = 7.4 Hz, 1H, 
Phen-H), 8.23 (m, 1H, Phen-H), 8.03 (m, 4H), 7.88 (d, J = 7.4 Hz, 1H, Phen-H), 7.66 (m, 4H), 7.49 
(m, 2H), 7.39 (t, J = 7.5 Hz, 1H, Phen-H), 6.97 (d, J = 7.4 Hz, 1H, Phen-H), 6.89 (s, 2H, Ar-H), 




Freshly distilled and dry 2,4,6-trimethylaniline (1.5 mL, 10.4 mmol, 2.5 equiv.) was added to a 
solution of MesPhenanthrene-o-iminoquinone (1.37 g, 4.2 mmol, 1.0 equiv.) in 50 mL dry 
toluene. Titanium(IV)-chloride (0.85 mL, 7.8 mmol, 1.1 equiv.) was added dropwise. The 
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reaction mixture turned red under formation of titanium(IV)-dioxide and was stirred for 4 h 
at ambient temperature before 50 mL water was added carefully. The organic phase was 
separated and the aqueous phase extracted with toluene. Combined organic phases were dried 
over Na2SO4, filtered and concentrated in vacuo. The resulting oil was recrystallized from hot 
acetonitrile. Full crystallization of orange crystals was achieved at –10 °C. 
DippPhenanthrenediimine was isolated by decanting and drying in vacuo.  
 
Formula: C32H30N2 (M = 442.61 g·mol–1) 
Yield: 0.96 g (2.2 mmol, 52%) 
1H NMR (400.13 MHz, 300K, CDCl3) of main isomer: δ [ppm]: 8.31 (d, J = 7.6 Hz, 1H, Phen-H), 
7.91 (m, 2H, Phen-H), 7.65 (t, J = 7.5 Hz, 1H, Phen-H), 7.60 (t, J = 7.5 Hz, 1H, Phen-H), 7.50 (t, 
J = 7.5 Hz, 1H, Phen-H), ), 7.39 (t, J = 7.5 Hz, 1H, Phen-H), 6.94 (m, 1H, Phen-H), 6.80 (s, 2H, 
Ar-H), 6.74 (d, J = 7.8 Hz, Phen-H), 6.64 (s, 2H, Ar-H), 2.26 (s, 3H, CH3 para), 2.17 (s, 3H, CH3 para), 
2.00 (s, 6H, CH3 ortho), 1.34 (s, 6H, CH3 ortho) 
 
2.5.3 Synthesis of Heteroleptic α-Diimine Cobalt Complexes 
2.5.3.1 Synthesis of [K([18]c-6)(thf)1.5){(DippPhDi)Co(η4-cod)}] (3) 
 
[K(thf)0.2{Co(η4-cod)2}] (566 mg, 1.72 mmol, 1.0 equiv.) and 18-crown-6 ([18]c-6) (455 mg, 
1.72 mmol, 1.0 equiv.) were dissolved in 20 mL THF. DippPhenanthrenediimine (950 mg, 
1.81 mmol, 1.05 equiv.) was dissolved in 20 mL THF and added to the cobaltate at –30 °C. The 
solution immediately turned deep green, was warmed to ambient temperature and stirred for 
further 48 h. After filtration, the solution was concentrated to 30 mL THF and layered with 
25 mL n-hexane. Dark green crystals were obtained by storage at –35 °C within one day. 
[K([18]c-6)(thf)1.5)][(DippPhDi)Co(η4-cod)}] was isolated by decanting and dried in vacuo. 
Samples for single-crystal X-ray crystallography can be obtained by recrystallization from 
THF/n-hexane. Elemental analysis indicate the presence of 1.5 THF molecules. 
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Formula: C58H78CoKN2O6 · (C4H8O)1.5 (M = 1141.5 g·mol–1) 
Yield: 890 mg (0.78 mmol, 45%) 
1H NMR (400.13 MHz, 300K, THF-d8): δ [ppm]: 8.20 (d, J = 8.1 Hz, 2H, Phen-H), 7.05 (m, 6H, 
CHAr), 6.79 (d, J = 9.0 Hz, Phen-H), 6.62 (m, 2H, Phen-H2), 6.41 (m, 2H, Phen-H), 4.51 (sept, 
J = 7.0 Hz, 4H, CHDipp), 3.34 (br s, 24H, 18c6), 2.80 (m, 4H, cod-CH), 2.30 (m, 4H, cod-CH2), 1.39 
(d, J = 7.1 Hz, 12H, CH3 Dipp), 1.00 (m, 4H, cod-CH2), 0.64 (d, J = 7.1 Hz, 12H, CH3 Dipp) 
13C{1H} NMR (100.6 MHz, 300K, THF-d8): δ [ppm]: 157.1 (CAr), 145.5 (CAr), 140.0 (C-N), 127.9 
(CPhen), 125.8 (CPhen), 124.5 (CPhen), 123.2 (CAr), 122.7 (CAr), 122.2 (CPhen), 117.1 (CPhen), 70.8 ([18]c-
6), 68.4 (cod-CH), 31.9 (cod-CH2), 28.2 (CHDipp), 25.0 (CH3 Dipp);  
Elemental analysis calcd. for C58H78N2KCoO6 · (C4H8O)1.5: C 69.54, H 8.21, N 2.53; found: C 
68.97, H 8.09, N 2.29 
Melting point: T > 180°C: decomposition to a black oil 
UV-vis (THF): λmax/nm (ε/L·mol-1·cm-1) = 359 (15000), 442 (18500), 600 (3800) 
 
2.5.3.2 Synthesis of [K([18]c-6)(thf)1.5){(MesPhDi)Co(η4-cod)}] (4) 
 
MesPhenanthrenediimine (52 mg, 0.12 mmol, 1.03 equiv.) was dissolved in 2 mL THF and 
added to a solution of [K(thf)0.2{Co(η4-cod)2}] (38 mg, 0.11 mmol, 1.0 equiv.) in 1 mL THF 
at -30 °C. The color changed to yellow-green and the solution was stirred at ambient 
temperature for 20 h. [18]c-6 (29 mg, 0.12 mmol, 1.03 equiv.) was added to the reaction 
mixture. The solvent was evaporated, the residue dissolved in 2 mL THF and filtered. 
Diffusion of n-hexane into the concentrated THF solution afforded dark green crystals, which 
were suitable for X-ray crystallography. Elemental analysis indicate the presence of 1.5 THF 
molecules in the bulk material. 
 
Formula: C52H66CoKN2O6 · (C4H8O)1.5 (M = 1021.30 g·mol–1) 
Yield: 63 mg (0.062 mmol, 54%) 
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1H NMR (400.13 MHz, 300K, THF-d8): δ [ppm]: 8.25 (d, J = 8.1 Hz, Phen-H), 7.25 (d, J = 8.1 Hz 
2H, CHAr), 6.78 (s, 4H, CHAr) 6.68 (m, 2H, Phen-H), 6.62 (m, 2H, Phen-H2), 6.54 (m, 2H, Phen-
H), 4.51 (sept, J = 7.0 Hz, 4H, CHDipp), 3.30 (br s, 24H, 18c6), 2.54 (m, 4H, cod-CH), 2.33 (m, 4H, 
cod-CH2), 2.28 (s, 9H, CH3 ortho), 2.26 (s, 6H, CH3 para), 0.99 (m, 4H, cod-CH2) 
13C{1H} NMR (100.6 MHz, 300K, THF-d8): δ [ppm]: 156.3 (CAr), 138.3 (CPhen), 135.0 (CAr), 129.4 
(CAr), 128.5 (CAr), 128.0 (CPhen), 124.2 (CPhen), 123.0 (CPhen), 122.9 (CPhen), 122.5 (CPhen), 117.0 (CPhen), 
70.4 ([18]c-6), 68.3 (cod-CH), 32.3 (cod-CH2), 21.3 (CH3 para), 19.9 (CH3 ortho) 
Elemental analysis calcd. for C58H78N2KCoO6 · (C4H8O)1.5: C 68.21, H 7.70, N 2.74; found: C 
68.15, H 7.27, N 2.79 
Melting point: T > 220°C: decomposition to a black oil 
UV-vis (THF): λmax/nm (ε/L·mol–1·cm–1) = 366 (12000), 442 (13500), 600 (3000) 
 
2.5.3.3 Synthesis of [K([18]c-6)(dme)2){(DippPhDi)Co(η4-C14H10)}] (5) 
 
18-crown-6 (43 mg, 0.16 mmol, 1.0 equiv) in 1 mL THF was added to a solution of 
[K(dme)2{Co(η4-C14H10)2}] (102 mg, 0.16 mmol, 1.0 equiv.) in 8 mL THF. 
DippPhenanthrendiimine (85 mg, 0.16 mmol, 1.0 equiv.) was dissolved in 5 mL THF and added 
to the cobaltate at –30 °C. The reaction mixture turned green, was warmed to ambient 
temperature and stirred for further 20 h. After evaporation of the solvent, the residue was 
washed with 15 mL n-hexane, dissolved in 4 mL DME, filtered and layered with n-hexane. 
Dark needles were formed by storing the solution at –35 °C. [K([18]c-6)(dme)2)] 
[(DippPhDi)Co(η4-C14H10)}] was isolated by decanting, washing with 20 mL Et2O and dried in 
vacuo. Elemental analysis indicated the presence of two DME solvent molecules in the bulk 
material. 
 
Formula: C64H76CoKN2O6 · (C4H10O2)2 (M = 1247.60 g·mol–1) 
Yield: 113 mg (0.091 mmol, 56%) 
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1H NMR (400.13 MHz, 300K, THF-d8): δ [ppm]: 8.25 (d, J = 7.9 Hz, 2H, CHPhen), 7.18 – 7.09 (m, 
8H, CHAr and CHPhen), 6.91 (m, 2H, CHanthracene), 6.75 (m, 2H, CHanthracene), 6.71 (m, 2H, CHPhen), 
6.53 (m, 2H, CHPhen), 6.15 (s, 2H, CHanthracene), 5.81 (m, 2H, CHanthracene coordinated), 4.10 (sept, 
J = 6.9 Hz, 4H, CHDipp), 3.24 (br s, 24H, [18]c-6), 1.89 (m, 2H, CHanthracene coordinated), 1.32 (d, 
J = 6.9 Hz, 4H, CH3 Dipp), 0.67 (d, J = 6.9 Hz, 4H, CH3 Dipp) 
13C{1H} NMR (100.6 MHz, 300K, THF-d8): δ [ppm]: 157.8 (CAr), 144.3 (CAr), 142.9 (Canthracene), 
139.9, 132.7, 127.3 (CPhen), 124.8 (CHAnthracen), 124.3 (CHPhen), 123.6 (CPhen) , 122.2 (CHAr), 
121.9(CHPhen), 121.8 (CHanthracene), 121.7 (CHPhen), 121.6 (CHAr), 117.2 (CHPhen), 113.6 (CHanthracene), 
76.6 (CHanthracene coordinated), 70.0 ([18]c-6), 56.0 (CHanthracene coordinated), 27.7 (CHDipp), 24.1 (CH3 Dipp) 
Elemental analysis calcd. for C64H76CoKN2O6 · (C4H10O2)2: C 69.32, H 7.76, N 2.25; found: C 
69.47, H 7.40, N 2.23 
Melting point: T > 250°C: decomposition to a black oil 
UV-vis (THF): λmax/nm (ε/L·mol-1·cm-1) = 354 (26000), 606 (13000) 
2.5.4 Single-Crystal X-ray Crystallography 
Table S1. Crystallographic data of 3, 7, 8, and 10-tBu 
Compound 3 7 8 
Empirical formula  C64H89CoKN2O9 C50H66CoKN2O6P4 C56H68.5CoKN2O11.25P4W 
Formula weight  1128.40 1012.95 1355.38 
Temperature [K]  122.9(2) 122.9(2) 122.9(2) 
Crystal system  Triclinic monoclinic monoclinic 
Space group  P-1 P21/m C2/c 
a [Å]  10.4494(5) 11.4558(5) 85.6114(9) 
b [Å]  12.4133(6) 19.7132(8) 13.0589(2) 
c [Å] 25.9192(11) 12.1033(5) 22.4458(3) 
α [°]  79.565(4) 90 90 
β [°]  87.147(4) 107.690(5) 90.025(1) 
γ [°]  67.164(4) 90 90 
Volume [Å3] 3046.5(3) 2604.0(2) 25094.2(6) 
Z  2 2 16 
ρcalc [g/cm3] 1.230 1.292 1.435 
µ [mm−1] 3.262 4.841 7.426 
F(000)  1210.0 1086.0 11016.0 
Crystal size [mm3] 0.3191 × 0.1709 × 0.0708 0.149 × 0.107 × 0.065  0.826 × 0.410 × 0.092 
2Θ range for data collection [°] 6.938 to 148.5 7.666 – 147.46 6.848 – 149.356 
Index ranges 
-13 ≤ h ≤ 11, -14 ≤ k ≤ 15, -
32 ≤ l ≤ 27 
−14 ≤ h ≤ 13,  −23 ≤ k ≤ 20 
−13 ≤ l ≤ 14 
−105 ≤ h ≤ 105, −16 ≤ k ≤ 
16, −25 ≤ l ≤ 27 
Reflections collected 21864 13745 179882 
Independent reflections 
11598 [Rint = 0.0403, Rsigma 
= 0.0463] 
5180 [Rint = 0.0364,  
Rsigma = 0.0397] 
25277 [Rint = 0.0902, 
 Rsigma = 0.0395] 
Data / restraints / parameters 11598/602/721 5180/132/300 25277/2339/1897 
Goodness-of-fit on F2 1.034 1.086 1.059 
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Final R indexes [I>=2σ (I)] R1 = 0.0818, wR2 = 0.2343 R1 = 0.0654, wR2 = 0.1785 R1 = 0.0907, wR2 = 
0.2446 Final R indexes [all data] R1 = 0.0976, wR2 = 0.2527 R1 = 0.0788, wR2 = 0.1936 R1 = 0.0996, wR2 = 
0.2532 Largest diff. peak/hole [e Å−3] 1.60/-0.59 0.86/−0.56 1.71/−1.47 
CCDC- 1944793 1940064 1940071 
Compound 10-tBu   
Empirical formula  C21H42KNO6P2   
Formula weight  505.59   
Temperature [K]  123.0(1)   
Crystal system  monoclinic   
Space group  P21/n   
a [Å]  16.6663(4)   
b [Å]  8.1532(2)   
c [Å] 21.7285(5)   
α [°]  90   
β [°]  112.545(3)   
γ [°]  90   
Volume [Å3] 2726.9(1)   
Z  4   
ρcalc [g/cm3] 1.232   
µ [mm−1] 3.091   
F(000)  1088.0   
Crystal size [mm3] 0.402 × 0.319 × 0.228   
 2Θ range for data collection [°] 8.474 – 147.294   
Index ranges 
−20 ≤ h ≤ 19, −9 ≤ k ≤ 9 
−22 ≤ l ≤ 26 
  
Reflections collected 9240   
Independent reflections 
5256 [Rint = 0.0128, 
 Rsigma = 0.0159] 
  
Data / restraints / parameters 5256/0/286   
Goodness-of-fit on F2 1.016   
Final R indexes [I>=2σ (I)] R1 = 0.0237, wR2 = 0.0616   
Final R indexes [all data] R1 = 0.0245, wR2 = 0.0621   
Largest diff. peak/hole [e Å−3] 0.24/−0.19   
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2.5.5 NMR Spectra 
 
 
Figure S1. 1H NMR spectrum (400.13 MHz, 300 K, THF-d8) of [K([18]c-6)(thf)1.5][(DippPhDi)Co(η4-cod)] (3). 
 
 
Figure S2. 13C{1H} NMR spectrum (100.6 MHz, 300 K, THF-d8) of [K([18]c-6)(thf)1.5][(DippPhDi)Co(η4cod)] (3). 
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Figure S4. 13C{1H} NMR spectrum (100.6 MHz, 300 K, THF-d8) of [K([18]c-6)(thf)1.5][(MesPhDi)Co(η4-cod)] (4).  
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Figure S6. 13C{1H} NMR spectrum (100.6 MHz, 300 K, THF-d8) of [K([18]c-6)(dme)2][(DippPhDi)Co(η4-C14H10)] (5). 
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2.5.6 DFT Calculations 
For experimental details see the General Procedures (Chapter 2.5.1), 
2.5.6.1 Optimized coordinates for PhBIAN and PhPhDi 
[PhBIAN] 
N      -1.420500   -1.510600   -0.000000 
N       1.420500   -1.510700   -0.000000 
C       0.766100   -0.422700   -0.000100 
C      -0.766100   -0.422700   -0.000000 
C      -1.184600    1.003100   -0.000000 
C       0.000000    1.779900   -0.000100 
C       1.184600    1.003100   -0.000100 
C       2.405000    1.648100   -0.000000 
H       3.336700    1.098000   -0.000100 
C       2.426700    3.065500    0.000000 
H       3.388400    3.568400    0.000000 
C       1.271100    3.821800    0.000000 
H       1.332000    4.906000    0.000100 
C       0.000000    3.189700    0.000000 
C      -1.271100    3.821800    0.000100 
H      -1.331900    4.906000    0.000100 
C      -2.426700    3.065500    0.000100 
H      -3.388300    3.568400    0.000200 
C      -2.405000    1.648100    0.000100 
H      -3.336700    1.098100    0.000100 
C      -2.826900   -1.548900   -0.000000 
C      -3.531900   -1.618200   -1.209000 
C      -3.531900   -1.618500    1.209000 
C      -4.920000   -1.722900   -1.202900 
H      -2.982000   -1.593600   -2.143700 
C      -4.919900   -1.723200    1.202900 
H      -2.981900   -1.594100    2.143700 
C      -5.622900   -1.770700   -0.000000 
H      -5.453900   -1.770800   -2.147000 
H      -5.453900   -1.771300    2.146900 
H      -6.704300   -1.857000   -0.000000 
C       2.826900   -1.548900   -0.000000 
C       3.531900   -1.618300    1.209000 
C       3.531900   -1.618400   -1.209000 
C       4.919900   -1.723100    1.202900 
H       2.981900   -1.593800    2.143700 
C       4.919900   -1.723100   -1.202900 
H       2.982000   -1.593900   -2.143700 
C       5.622900   -1.770700    0.000000 
H       5.453900   -1.771000    2.147000 
H       5.453900   -1.771100   -2.146900 
H       6.704300   -1.857000    0.000000 
 
[PhBIAN]- 
N      -1.414100   -1.414800    0.242900 
N       1.414200   -1.414800   -0.243000 
C       0.726900   -0.300700   -0.084300 
C      -0.726800   -0.300800    0.084100 
C      -1.160900    1.118300    0.160800 
C      -0.000100    1.921600   -0.000300 
C       1.160900    1.118400   -0.161300 
C       2.358700    1.770000   -0.397300 
H       3.281000    1.222200   -0.544500 
C       2.382400    3.191300   -0.428700 
H       3.334400    3.685300   -0.608100 
C       1.254800    3.959500   -0.225400 
H       1.318000    5.044900   -0.238400 
C      -0.000100    3.322100   -0.000100 
C      -1.255100    3.959300    0.225600 
H      -1.318300    5.044700    0.238700 
C      -2.382600    3.191000    0.429000 
H      -3.334500    3.685000    0.608800 
C      -2.358700    1.769800    0.397500 
H      -3.280800    1.221800    0.544800 
C      -3.508200   -0.961400   -0.975900 
C      -3.479500   -2.401500    0.961100 
C      -4.865900   -1.212400   -1.130900 
H      -2.986500   -0.331700   -1.689000 
C      -4.838800   -2.632600    0.806100 
H      -2.918700   -2.876500    1.759900 
C      -5.553400   -2.039500   -0.239200 
H      -5.397000   -0.758000   -1.964900 
H      -5.350000   -3.291100    1.505300 
H      -6.615300   -2.230600   -0.365400 
C       2.768000   -1.539400   -0.088600 
C       3.508200   -0.961200    0.975800 
C       3.479700   -2.401200   -0.961300 
C       4.865800   -1.212500    1.131100 
H       2.986400   -0.331400    1.688600 
C       4.839000   -2.632500   -0.805900 
H       2.919100   -2.876100   -1.760300 
C       5.553300   -2.039600    0.239600 
H       5.396800   -0.758100    1.965300 
H       5.350300   -3.290900   -1.505100 
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C      -2.767800   -1.539600    0.088400 H       6.615100   -2.231100    0.366000 
 
[PhBIAN]2- c.s.s.  
N      -1.409200   -1.352600    0.523400 
N       1.409500   -1.352400   -0.524200 
C       0.685700   -0.243600   -0.182500 
C      -0.685600   -0.243700    0.182000 
C      -1.113800    1.167400    0.324600 
C       0.000000    1.991900    0.000000 
C       1.113800    1.167400   -0.324800 
C       2.269000    1.813900   -0.737100 
H       3.158400    1.255300   -1.007000 
C       2.296800    3.239900   -0.768000 
H       3.220600    3.727700   -1.078900 
C       1.218300    4.020400   -0.405000 
H       1.288500    5.107300   -0.423400 
C       0.000000    3.383400    0.000100 
C      -1.218200    4.020300    0.405300 
H      -1.288500    5.107200    0.423800 
C      -2.296700    3.239800    0.768100 
H      -3.220600    3.727600    1.079100 
C      -2.269000    1.813800    0.737000 
H      -3.158400    1.255200    1.006800 
C      -2.685200   -1.540200    0.178400 
C      -3.419200   -0.850000   -0.855000 
C      -3.433800   -2.581600    0.836200 
C      -4.739700   -1.153300   -1.149100 
H      -2.902600   -0.088100   -1.429800 
C      -4.751400   -2.864700    0.529600 
H      -2.903400   -3.144500    1.600700 
C      -5.445600   -2.153800   -0.465600 
H      -5.238300   -0.597000   -1.945800 
H      -5.260200   -3.662700    1.074400 
H      -6.482400   -2.380600   -0.705900 
C       2.685200   -1.540100   -0.178600 
C       3.419100   -0.849800    0.854700 
C       3.433900   -2.581900   -0.836000 
C       4.739600   -1.153200    1.149100 
H       2.902500   -0.087700    1.429300 
C       4.751300   -2.865100   -0.529000 
H       2.903400   -3.144900   -1.600400 
C       5.445400   -2.153900    0.466100 
H       5.238000   -0.596700    1.945800 
H       5.260200   -3.663300   -1.073500 
H       6.482100   -2.380800    0.706600 
 
[PhBIAN]2- o.s.s.  
N      -1.495500   -1.193800   -0.891500 
N       1.495500   -1.193800   -0.891500 
C       0.710100   -0.138300   -0.527200 
C      -0.710100   -0.138200   -0.527300 
C      -1.160400    1.252300   -0.279700 
C      -0.000000    2.064300   -0.137700 
C       1.160400    1.252300   -0.279600 
C       2.385000    1.900900   -0.239300 
H       3.313600    1.353400   -0.354400 
C       2.420700    3.312200   -0.031700 
H       3.394800    3.799600    0.009400 
C       1.283000    4.078700    0.112900 
H       1.354400    5.155100    0.264000 
C      -0.000000    3.443600    0.047800 
C      -1.283100    4.078700    0.112900 
H      -1.354400    5.155100    0.263900 
C      -2.420700    3.312200   -0.031700 
H      -3.394800    3.799500    0.009400 
H       3.196500   -2.820700   -1.923500 
C       5.175500   -2.372000    0.833100 
H       4.624500   -1.121400    2.503200 
H       5.358100   -3.548000   -0.974500 
H       6.124600   -2.691800    1.258800 
C      -2.385000    1.900900   -0.239300 
H      -3.313600    1.353300   -0.354400 
C      -2.651100   -1.507800   -0.303700 
C      -3.531500   -2.441600   -0.960800 
C      -3.118300   -1.067300    0.989400 
C      -4.736500   -2.843900   -0.417200 
H      -3.196500   -2.820700   -1.923500 
C      -4.329600   -1.487600    1.517400 
H      -2.480500   -0.406700    1.567800 
C      -5.175500   -2.372000    0.833100 
H      -5.358100   -3.548000   -0.974400 
H      -4.624400   -1.121400    2.503200 
H      -6.124500   -2.691800    1.258800 
C       2.651100   -1.507800   -0.303700 
C       3.118300   -1.067300    0.989400 
C       3.531500   -2.441600   -0.960800 
C       4.329600   -1.487600    1.517400 
H       2.480500   -0.406700    1.567800 
C       4.736600   -2.843900   -0.417200 
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[PhBIAN]2- triplet  
N      -1.435000   -1.252000   -0.605700 
N       1.435200   -1.251800   -0.606400 
C       0.746300   -0.126700   -0.382400 
C      -0.746300   -0.126700   -0.382100 
C      -1.178600    1.249600   -0.206300 
C       0.000000    2.047600   -0.118600 
C       1.178600    1.249600   -0.206500 
C       2.424500    1.922500   -0.213400 
H       3.356200    1.375500   -0.305400 
C       2.444600    3.315900   -0.098900 
H       3.410300    3.824000   -0.094500 
C       1.277400    4.089400    0.005200 
H       1.344300    5.174900    0.081100 
C       0.000100    3.457600   -0.022100 
C      -1.277100    4.089500    0.005400 
H      -1.343900    5.175000    0.081300 
C      -2.444300    3.316100   -0.098500 
H      -3.410000    3.824200   -0.094200 
C      -2.424400    1.922700   -0.213000 
H      -3.356100    1.375700   -0.304900 
C      -2.689600   -1.520400   -0.193200 
C      -3.437400   -2.522800   -0.891800 
C      -3.335100   -0.981100    0.968700 
C      -4.701300   -2.920800   -0.491400 
H      -2.958800   -2.968000   -1.760000 
C      -4.595900   -1.402200    1.364100 
H      -2.804100   -0.239200    1.554300 
C      -5.312900   -2.367900    0.644500 
H      -5.225500   -3.683000   -1.069600 
H      -5.036800   -0.965500    2.261100 
H      -6.304700   -2.684000    0.960800 
C       2.689600   -1.520300   -0.193600 
C       3.334900   -0.981000    0.968500 
C       3.437500   -2.522700   -0.891900 
C       4.595400   -1.402400    1.364400 
H       2.803800   -0.238800    1.553700 
C       4.701200   -2.921000   -0.491000 
H       2.959300   -2.967900   -1.760400 
C       5.312400   -2.368300    0.645100 
H       5.036100   -0.965700    2.261600 
H       5.225500   -3.683400   -1.069000 
H       6.303900   -2.684700    0.962000 
 
[PhPhDi] 
N      -1.357500   -1.386200   -0.366200 
N       1.357400   -1.386300    0.365900 
C      -0.753600   -0.342500    0.044900 
C       0.753600   -0.342600   -0.045200 
C      -1.309400    0.906500    0.634800 
C       1.309400    0.906500   -0.634900 
C      -2.449500    0.896900    1.446700 
C      -0.605300    2.114700    0.426700 
C       2.449600    0.896900   -1.446800 
C       0.605400    2.114700   -0.426700 
H      -2.974000   -0.033600    1.620500 
C      -2.902700    2.064600    2.047500 
C      -1.080300    3.281200    1.040600 
C       2.902900    2.064700   -2.047400 
C       1.080500    3.281300   -1.040400 
H      -3.781100    2.039100    2.683500 
C      -2.217000    3.260000    1.839700 
H      -0.541000    4.213300    0.917800 
H       3.781200    2.039300   -2.683400 
C       2.217300    3.260100   -1.839500 
H       0.541300    4.213400   -0.917500 
H      -2.559200    4.175000    2.312400 
H       2.559500    4.175100   -2.312100 
H       2.974100   -0.033500   -1.620600 
C       2.749100   -1.538700    0.460100 
C       3.348800   -2.628100   -0.188700 
H      -6.560700   -2.214500   -0.853000 
C       3.535900   -0.716100    1.280000 
C       4.715400   -2.853700   -0.062100 
H       2.726500   -3.283300   -0.788700 
C       4.897300   -0.966300    1.420800 
H       3.069700    0.105800    1.812500 
C       5.497900   -2.026000    0.742900 
H       5.168400   -3.691500   -0.583000 
H       5.492700   -0.325300    2.063800 
H       6.560500   -2.214700    0.853200 
C      -2.749200   -1.538500   -0.460200 
C      -3.348900   -2.627800    0.188900 
C      -3.536000   -0.716200   -1.280200 
C      -4.715500   -2.853400    0.062400 
H      -2.726700   -3.282900    0.789000 
C      -4.897400   -0.966300   -1.421000 
H      -3.069800    0.105700   -1.813000 
C      -5.498000   -2.025700   -0.742700 
H      -5.168600   -3.691000    0.583500 
H      -5.492900   -0.325400   -2.064000 
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[PhPhDi]- 
N      -1.355000   -1.391500    0.007500 
N       1.355100   -1.391500   -0.007600 
C      -0.729600   -0.235100    0.092200 
C       0.729600   -0.235100   -0.092300 
C      -1.328400    1.038800    0.523800 
C       1.328400    1.038800   -0.523800 
C      -2.553700    1.057800    1.230700 
C      -0.643600    2.275000    0.343500 
C       2.553600    1.057900   -1.230800 
C       0.643600    2.275100   -0.343500 
H      -3.066900    0.124200    1.414000 
C      -3.099000    2.230500    1.716500 
C      -1.219900    3.454800    0.851900 
C       3.099000    2.230700   -1.716500 
C       1.219900    3.454800   -0.851800 
H      -4.036800    2.201200    2.264700 
C      -2.431300    3.447600    1.521000 
H      -0.687400    4.394200    0.748700 
H       4.036800    2.201400   -2.264700 
C       2.431300    3.447700   -1.521000 
H       0.687300    4.394200   -0.748600 
H      -2.845500    4.374000    1.909600 
H       2.845400    4.374100   -1.909500 
H       3.066900    0.124300   -1.414100 
C       2.682100   -1.608300    0.238100 
C       3.330400   -2.697300   -0.396500 
C       3.437600   -0.891300    1.202600 
C       4.649700   -3.022800   -0.111200 
H       2.755300   -3.273700   -1.114200 
C       4.750500   -1.238000    1.491600 
H       2.962800   -0.068900    1.727500 
C       5.379700   -2.298500    0.834800 
H       5.113700   -3.860500   -0.627600 
H       5.294400   -0.669200    2.243000 
H       6.408100   -2.562200    1.064500 
C      -2.682100   -1.608300   -0.238100 
C      -3.330400   -2.697400    0.396400 
C      -3.437600   -0.891300   -1.202500 
C      -4.649600   -3.022800    0.111200 
H      -2.755200   -3.273900    1.114100 
C      -4.750600   -1.237900   -1.491400 
H      -2.962900   -0.068800   -1.727300 
C      -5.379700   -2.298500   -0.834700 
H      -5.113600   -3.860600    0.627600 
H      -5.294500   -0.669100   -2.242800 
H      -6.408100   -2.562200   -1.064400 
 
[PhPhDi]2- c.s.s.  
N      -1.272700   -1.192000    0.594300 
N       1.272700   -1.191900   -0.594400 
C      -0.661900   -0.008600    0.253300 
C       0.661900   -0.008600   -0.253400 
C      -1.290400    1.264500    0.563500 
C       1.290400    1.264600   -0.563500 
C      -2.559100    1.286000    1.208600 
C      -0.652900    2.523100    0.312300 
C       2.559200    1.286100   -1.208600 
C       0.652900    2.523200   -0.312300 
H      -3.025600    0.334500    1.426600 
C      -3.182300    2.461500    1.563500 
C      -1.321600    3.710900    0.688600 
C       3.182300    2.461600   -1.563500 
C       1.321500    3.710900   -0.688600 
H      -4.153500    2.431900    2.054800 
C      -2.561300    3.698000    1.297500 
H      -0.843600    4.670100    0.513000 
H       4.153500    2.432100   -2.054700 
C       2.561300    3.698100   -1.297500 
H       0.843500    4.670200   -0.513000 
H      -3.044700    4.633000    1.575900 
H       3.044700    4.633100   -1.575800 
 
H       3.025600    0.334600   -1.426600 
C       2.373700   -1.660700   -0.014600 
C       3.020700   -2.825500   -0.565800 
C       3.015400   -1.130200    1.163900 
C       4.166300   -3.371100   -0.017500 
H       2.555300   -3.269300   -1.442900 
C       4.162600   -1.697200    1.696300 
H       2.565000   -0.269100    1.648900 
C       4.773900   -2.821800    1.124700 
H       4.604300   -4.254900   -0.486400 
H       4.597600   -1.250200    2.592800 
H       5.673600   -3.258100    1.554000 
C      -2.373600   -1.660700    0.014600 
C      -3.020600   -2.825500    0.565800 
C      -3.015400   -1.130200   -1.163800 
C      -4.166300   -3.371200    0.017400 
H      -2.555100   -3.269400    1.442800 
C      -4.162700   -1.697100   -1.696300 
H      -2.565100   -0.269000   -1.648800 
C      -4.773900   -2.821800   -1.124700 
H      -4.604200   -4.254900    0.486300 
H      -4.597700   -1.250100   -2.592700 
H      -5.673600   -3.258100   -1.554000 
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[PhPhDi]2- o.s.s.  
N       1.272800   -1.191500   -0.594600 
N      -1.272600   -1.191600    0.594300 
C       0.662000   -0.008300   -0.253500 
C      -0.661900   -0.008400    0.253300 
C       1.290500    1.264900   -0.563400 
C      -1.290400    1.264700    0.563300 
C       2.559300    1.286500   -1.208400 
C       0.652900    2.523500   -0.312100 
C      -2.559300    1.286200    1.208300 
C      -0.652900    2.523400    0.312200 
H       3.025700    0.335100   -1.426500 
C       3.182500    2.462000   -1.562900 
C       1.321800    3.711300   -0.687900 
C      -3.182600    2.461600    1.563000 
C      -1.321900    3.711100    0.688200 
H       4.153800    2.432500   -2.054100 
C       2.561600    3.698600   -1.296700 
H       0.843900    4.670500   -0.512000 
H      -4.153800    2.432000    2.054100 
C      -2.561700    3.698200    1.296900 
H      -0.844000    4.670400    0.512400 
H       3.045100    4.633600   -1.574700 
H      -3.045200    4.633200    1.575000 
H      -3.025700    0.334700    1.426200 
C      -2.373600   -1.660600    0.014800 
C      -3.020100   -2.825800    0.565900 
C      -3.015600   -1.130200   -1.163600 
C      -4.165600   -3.371800    0.017500 
H      -2.554400   -3.269700    1.442800 
C      -4.162700   -1.697500   -1.696000 
H      -2.565500   -0.268900   -1.648400 
C      -4.773500   -2.822400   -1.124500 
H      -4.603200   -4.255700    0.486300 
H      -4.598000   -1.250500   -2.592400 
H      -5.673000   -3.259000   -1.553800 
C       2.373700   -1.660600   -0.014900 
C       3.020300   -2.825600   -0.566100 
C       3.015400   -1.130400    1.163700 
C       4.165700   -3.371700   -0.017600 
H       2.554800   -3.269300   -1.443200 
C       4.162400   -1.697800    1.696200 
H       2.565200   -0.269200    1.648700 
C       4.773300   -2.822600    1.124600 
H       4.603400   -4.255600   -0.486600 
H       4.597500   -1.251000    2.592800 
H       5.672800   -3.259300    1.554000 
 
[PhPhDi]2- triplet  
N      -1.319500   -1.304700    0.206300 
N       1.319500   -1.304700   -0.206300 
C      -0.714400   -0.116200    0.142300 
C       0.714400   -0.116200   -0.142200 
C      -1.355800    1.161900    0.515700 
C       1.355800    1.161900   -0.515600 
C      -2.603400    1.183100    1.143800 
C      -0.646100    2.399400    0.300400 
C       2.603400    1.183100   -1.143800 
C       0.646100    2.399400   -0.300400 
H      -3.105900    0.244800    1.339400 
C      -3.225100    2.385600    1.546700 
C      -1.311200    3.611600    0.706500 
C       3.225000    2.385600   -1.546800 
C       1.311100    3.611600   -0.706600 
H      -4.203200    2.365800    2.022300 
C      -2.557700    3.591300    1.311500 
H      -0.801100    4.562400    0.594400 
H       4.203100    2.365800   -2.022300 
C       2.557600    3.591300   -1.311500 
H       0.801000    4.562400   -0.594500 
H      -3.015800    4.535000    1.615100 
H       3.015700    4.534900   -1.615200 
H       3.105800    0.244800   -1.339300 
C       2.582000   -1.636500    0.121700 
C       3.175700   -2.789500   -0.475700 
C       3.363300   -0.995700    1.135700 
C       4.434400   -3.243800   -0.110600 
H       2.592600   -3.307400   -1.232200 
C       4.613800   -1.472700    1.498000 
H       2.948100   -0.122700    1.627100 
C       5.180100   -2.596400    0.882300 
H       4.843000   -4.125600   -0.605200 
H       5.167900   -0.951500    2.278900 
H       6.164100   -2.958500    1.172100 
C      -2.581900   -1.636600   -0.121700 
C      -3.175700   -2.789500    0.475700 
C      -3.363200   -0.995800   -1.135700 
C      -4.434400   -3.243900    0.110600 
H      -2.592700   -3.307400    1.232300 
C      -4.613700   -1.472800   -1.498100 
H      -2.948000   -0.122800   -1.627100 
C      -5.180000   -2.596500   -0.882400 
H      -4.843000   -4.125600    0.605200 
H      -5.167800   -0.951600   -2.279000 
H      -6.164000   -2.958600   -1.172200 
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[(Bis-(2,6-dimethylphenyl)-PhDi)Co(η4-P4)]− (6)  
Co      8.242792      4.917323      6.448956 
  P       7.710657      3.827674      4.524113 
  P       9.765875      3.836645      5.149448 
  N       7.829322      6.124645      7.755468 
  N       7.848255      3.713006      7.766403 
  P       9.759175      5.988608      5.136060 
  P       7.704552      5.978815      4.509396 
  C       7.464767      5.633789      8.959481 
  C       7.931926      7.484056      7.436808 
  C       7.475977      4.210742      8.966144 
  C       7.967163      2.351827      7.461862 
  C       7.098358      6.372989     10.136357 
  C       9.156445      8.140973      7.633359 
  C       6.819128      8.151034      6.901822 
  C       7.122239      3.477607     10.150874 
  C       9.200899      1.712656      7.659693 
  C       6.860525      1.665027      6.939374 
  C       7.072280      7.784156     10.183069 
  C       6.745250      5.653370     11.317618 
  C       9.257712      9.478023      7.258642 
  C      10.273266      7.404776      8.285378 
  C       6.960606      9.488136      6.539577 
  C       5.522026      7.428183      6.803822 
  C       7.119186      2.066767     10.212672 
  C       6.754937      4.203390     11.324170 
  C       9.317299      0.372853      7.299389 
  C      10.310929      2.468938      8.300275 
  C       7.017306      0.325912      6.591131 
  C       5.553442      2.369962      6.841084 
  H       7.337975      8.346012      9.299308 
  C       6.718410      8.469046     11.325670 
  C       6.391206      6.386447     12.463474 
  H      10.205862      9.994067      7.404161 
  C       8.171076     10.151381      6.710633 
  H      10.395983      6.432018      7.795664 
  H       6.102778     10.012358      6.120270 
  H       5.691272      6.446698      6.347155 
  H       7.395841      1.500088      9.335431 
  C       6.774176      1.387983     11.361604 
  C       6.408093      3.476531     12.476168 
  H      10.272527     -0.129676      7.445934 
  C       8.236819     -0.320072      6.763741 
  H      10.412229      3.442886      7.808392 
  H       6.164202     -0.213623      6.181735 
  H       5.707792      3.350029      6.376140 
  H       6.712317      9.557979     11.315456 
  C       6.373368      7.766599     12.483537 
  H       6.123296      5.858207     13.372594 
  H       8.267603     11.195485      6.416630 
  H       6.785989      0.299051     11.362673 
  C       6.411926      2.096532     12.510404 
  H       6.122372      4.009649     13.376967 
  H       8.345391     -1.365957      6.480469 
  H       6.092940      8.295187     13.393284 
  H       6.136533      1.572913     13.424556 
  H       4.835009      1.792561      6.252552 
  H       5.139427      2.543980      7.842293 
  H      11.255035      1.921337      8.231952 
  H      10.081832      2.658757      9.356475 
  H       4.798262      7.991520      6.208247 
  H       5.106100      7.256001      7.804593 
  H      10.037363      7.211026      9.339264 




C                  0.43000000   -1.32420000    0.00000000 
C                  1.36200000   -0.28970000    0.00000000 
C                  0.93200000    1.03450000    0.00000000 
C                 -0.43010000    1.32420000    0.00000000 
C                 -1.36200000    0.28970000    0.00000000 
C                 -0.93190000   -1.03460000    0.00000000 
H                  0.76490000   -2.35560000    0.00000000 
H                  2.42260000   -0.51570000    0.00000000 
H                  1.65770000    1.84030000    0.00000000 
H                 -0.76490000    2.35560000    0.00000000 
H                 -2.42260000    0.51560000    0.00000000 
H                 -1.65770000   -1.84020000    0.00000000 
 
Tetraphosphacyclobutadiene dianion [P4]2- 
P                 -1.15940000   -0.99320000    0.00000000 
P                  0.99320000   -1.15940000    0.00000000 
P                  1.15940000    0.99320000    0.00000000 
P                 -0.99320000    1.15940000    0.00000000 
 
Cyclobutadiene dianion [C4H4]2- 
C                  0.73346300    0.73516400   -0.13584900 
C                 -0.73166700    0.73619000    0.13516100 
C                 -0.73331800   -0.73472600    0.13517600 
C                  0.73202100   -0.73672500   -0.13589100 
H                 -1.48320600    1.37215200   -0.39917800 
H                 -1.48677400   -1.36895900   -0.39932000 
H                  1.48225600   -1.37006000    0.40361900 
H                  1.48472400    1.36744400    0.40329600 
 
[tBu2P(PCN)]− (10-tBu)  
P   -2.25025125563347      1.46192671541032      0.06975734399337 
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C   -1.48249263244720      2.17594792112246     -1.56153685577599 
C   -1.48455801945431      2.42267082026686      1.55794906878339 
P   -1.23987848344326     -0.46937869109669      0.34141605861631 
C   -2.59131770451527     -1.45482890997712     -0.21938482498852 
N   -3.42604970455938     -2.20287040093651     -0.58899826090662 
C   -0.00890814923408      2.12996732136812      1.86030248655075 
H   0.28850104598841      2.63184716430472      2.80029976826424 
H   0.15366163529273      1.04908909600116      1.98500043077861 
H   0.65625491822376      2.48697258893101      1.06415267995063 
C   -2.32680274775500      1.94512485151463      2.75570272629607 
H   -1.97601957428218      2.43592865827684      3.68194320869485 
H   -3.39081336451527      2.18570375538604      2.61252911737995 
H   -2.23750794117528      0.85520452483224      2.87278103511947 
C   -1.68447024536416      3.93477806673562      1.39282391754249 
H   -2.71809862051692      4.17335619021589      1.09902122557876 
H   -1.47377363019754      4.44789060262598      2.34896223934258 
H   -1.00636025142037      4.35701216985181      0.63809689467336 
C   0.03978647055547      2.32052627655447     -1.56855263549650 
H   0.40353547699629      2.54213205364143     -2.58959894627844 
H   0.37794640056983      3.13780513320780     -0.91484395660917 
H   0.50912971229198      1.38184548094550     -1.23447331094343 
C   -2.16097534408618      3.50889528083265     -1.91222769787168 
H   -1.85220039577094      4.32588780613163     -1.24719624440949 
H   -1.90351356750635      3.80593909183214     -2.94559699835520 
H   -3.25621946739542      3.41634314772173     -1.84843613425414 
C   -1.88561511579211      1.14104853897979     -2.62499515855833 
H   -2.97421889937842      0.97830770103936     -2.63220213298719 
H   -1.57776192081769      1.49722751346534     -3.62481652358444 
H   -1.40848810465767      0.17188779081476     -2.42172981054571 
 
 
2.5.6.2 Natural Theory Analysis 
Natural theory analysis for 10-tBu 
 
TOPO matrix for the leading resonance structure: 
 
PCN unit: 4P 5C 6N 
 
    Atom  1   2   3   4   5   6   7   8   9  10  11  12  13  14  15  16  17 
     ---- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 
   1.  P   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0 
   2.  C   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
   3.  C   1   0   0   0   0   0   1   0   0   0   1   0   0   0   1   0   0 
   4.  P   1   0   0   2   1   0   0   0   0   0   0   0   0   0   0   0   0 
   5.  C   0   0   0   1   0   3   0   0   0   0   0   0   0   0   0   0   0 
   6.  N   0   0   0   0   3   1   0   0   0   0   0   0   0   0   0   0   0 
   7.  C   0   0   1   0   0   0   0   1   1   1   0   0   0   0   0   0   0 
   8.  H   0   0   0   0   0   0   1   0   0   0   0   0   0   0   0   0   0 
   9.  H   0   0   0   0   0   0   1   0   0   0   0   0   0   0   0   0   0 
  10.  H   0   0   0   0   0   0   1   0   0   0   0   0   0   0   0   0   0 
  11.  C   0   0   1   0   0   0   0   0   0   0   0   1   1   1   0   0   0 
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  12.  H   0   0   0   0   0   0   0   0   0   0   1   0   0   0   0   0   0 
  13.  H   0   0   0   0   0   0   0   0   0   0   1   0   0   0   0   0   0 
  14.  H   0   0   0   0   0   0   0   0   0   0   1   0   0   0   0   0   0 
  15.  C   0   0   1   0   0   0   0   0   0   0   0   0   0   0   0   1   1 
  16.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   1   0   0 
  17.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   1   0   0 
  18.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   1   0   0 
  19.  C   0   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  20.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  21.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  22.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  23.  C   0   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  24.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  25.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  26.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  27.  C   0   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  28.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  29.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
  30.  H   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 
 
     Atom 18  19  20  21  22  23  24  25  26  27  28  29  30 
     ---- --- --- --- --- --- --- --- --- --- --- --- --- --- 
   1.  P   0   0   0   0   0   0   0   0   0   0   0   0   0 
   2.  C   0   1   0   0   0   1   0   0   0   1   0   0   0 
   3.  C   0   0   0   0   0   0   0   0   0   0   0   0   0 
   4.  P   0   0   0   0   0   0   0   0   0   0   0   0   0 
   5.  C   0   0   0   0   0   0   0   0   0   0   0   0   0 
   6.  N   0   0   0   0   0   0   0   0   0   0   0   0   0 
   7.  C   0   0   0   0   0   0   0   0   0   0   0   0   0 
   8.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
   9.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  10.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  11.  C   0   0   0   0   0   0   0   0   0   0   0   0   0 
  12.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  13.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  14.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  15.  C   1   0   0   0   0   0   0   0   0   0   0   0   0 
  16.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  17.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  18.  H   0   0   0   0   0   0   0   0   0   0   0   0   0 
  19.  C   0   0   1   1   1   0   0   0   0   0   0   0   0 
  20.  H   0   1   0   0   0   0   0   0   0   0   0   0   0 
  21.  H   0   1   0   0   0   0   0   0   0   0   0   0   0 
  22.  H   0   1   0   0   0   0   0   0   0   0   0   0   0 
  23.  C   0   0   0   0   0   0   1   1   1   0   0   0   0 
  24.  H   0   0   0   0   0   1   0   0   0   0   0   0   0 
  25.  H   0   0   0   0   0   1   0   0   0   0   0   0   0 
  26.  H   0   0   0   0   0   1   0   0   0   0   0   0   0 
  27.  C   0   0   0   0   0   0   0   0   0   0   1   1   1 
  28.  H   0   0   0   0   0   0   0   0   0   1   0   0   0 
  29.  H   0   0   0   0   0   0   0   0   0   1   0   0   0 
  30.  H   0   0   0   0   0   0   0   0   0   1   0   0   0 
 





Chapter 2. BIAN and PhDi Ligands in Low-Valent Cobalt Complexes 
57 
    Resonance 
    RS   Weight(%)                  Added(Removed) 
 --------------------------------------------------------------------------- 
    1*     68.81 
    2*(2)  23.37    P  4- C  5, ( C  5- N  6), ( P  4),  N  6 
    3       4.21   ( P  1- C  2),  P  1- P  4,  C  2, ( P  4) 
    4       2.29   ( P  1- P  4),  P  4- C  5, ( C  5- N  6),  N  6 
    5       1.31   ( P  4- C  5),  C  5- N  6,  P  4, ( N  6) 
 --------------------------------------------------------------------------- 
          100.00   * Total *                [* = reference structure] 
 
Summary of Natural Population Analysis: 
 
                                     Natural Population 
             Natural    --------------------------------------------- 
  Atom No    Charge        Core      Valence    Rydberg      Total 
 -------------------------------------------------------------------- 
    P  1    0.52853      9.99992     4.43056    0.04099    14.47147 
    C  2   -0.40171      1.99999     4.37938    0.02233     6.40171 
    C  3   -0.39640      1.99999     4.37514    0.02126     6.39640 
    P  4   -0.28387      9.99993     5.24593    0.03801    15.28387 
    C  5   -0.05061      2.00000     4.00045    0.05016     6.05061 
    N  6   -0.50036      2.00000     5.47046    0.02990     7.50036 
    C  7   -0.68031      2.00000     4.66779    0.01253     6.68031 
    H  8    0.21301      0.00000     0.78594    0.00105     0.78699 
    H  9    0.25577      0.00000     0.74314    0.00108     0.74423 
    H 10    0.22940      0.00000     0.76993    0.00066     0.77060 
    C 11   -0.68540      2.00000     4.67290    0.01251     6.68540 
    H 12    0.21311      0.00000     0.78596    0.00093     0.78689 
    H 13    0.23795      0.00000     0.76143    0.00062     0.76205 
    H 14    0.26053      0.00000     0.73778    0.00169     0.73947 
    C 15   -0.67318      2.00000     4.66141    0.01177     6.67318 
    H 16    0.23782      0.00000     0.76128    0.00090     0.76218 
    H 17    0.22022      0.00000     0.77869    0.00109     0.77978 
    H 18    0.22567      0.00000     0.77386    0.00047     0.77433 
    C 19   -0.67967      2.00000     4.66753    0.01215     6.67967 
    H 20    0.21577      0.00000     0.78310    0.00113     0.78423 
    H 21    0.21827      0.00000     0.78127    0.00046     0.78173 
    H 22    0.25453      0.00000     0.74384    0.00163     0.74547 
    C 23   -0.67488      2.00000     4.66285    0.01203     6.67488 
    H 24    0.22535      0.00000     0.77397    0.00068     0.77465 
    H 25    0.21758      0.00000     0.78131    0.00111     0.78242 
    H 26    0.24050      0.00000     0.75855    0.00095     0.75950 
    C 27   -0.68781      2.00000     4.67478    0.01303     6.68781 
    H 28    0.24469      0.00000     0.75459    0.00073     0.75531 
    H 29    0.21309      0.00000     0.78600    0.00091     0.78691 
    H 30    0.26240      0.00000     0.73614    0.00146     0.73760 
 ==================================================================== 
 * Total * -1.00000     39.99980    69.70597    0.29422   110.00000 
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Transition metal-catalyzed dehydrogenations of amine-boranes have attracted great attention 
as a potentially versatile method of hydrogen storage and B-N materials synthesis.[1]-[3] Amine-
boranes can serve as solid hydrogen surrogates in transfer hydrogenations.[4] Various 
dehydrogenation and transfer hydrogenation protocols have been developed with precious 
metal catalysts, and the underlying mechanisms have been thoroughly studied.[5] By contrast, 
dehydrogenations are far less advanced with the abundant and cheaper late 3d metals, despite 
the recent progress with Ti, Mn, Fe, Co, and Ni catalysts.[7]‒[13] 
While a number of iron catalysts for amine-borane dehydrogenations have been studied 
recently,[8] effective cobalt catalysts are scarce. [9]-[11] To our knowledge, only four well-defined 
molecular cobalt catalysts have been reported to date (Figure 1). Peters and co-workers 
reported bis(phosphino)boryl (PBP) cobalt catalysts (Figure 1) for the dehydrogenation of 
dimethylamine-borane (DMAB)[9] and applications to the transfer hydrogenation of styrene. 
Waterman and co-workers reported that the cyclopentadienylcobalt complexes [CpRCo(CO)2I] 
(R= H, Me, Figure 1) catalyze ammonia borane (AB) dehydrogenation at elevated 
temperatures (65 °C).[10] The authors performed catalytic transfer hydrogenations with 
styrenes, alkynes, and olefins with an excess (8 equiv.) of AB at 65 °C within 6 h. Tripodal 
polyphosphine cobalt(I) hydrides (Figure 1) recently reported by Shubina and co-workers 
exhibited similar activity in the AB-dehydrogenation.[11] A mechanism was proposed based on 
DFT calculations. In 2020, Weller and co-workers synthesized a Co(II) pre-catalyst for the 
dehydrogenation of methylamine-borane.[12] 
 
Figure 1. Homogeneous cobalt catalysts for amine-borane dehydrogenation (Dipp = 2,6-diisopropylphenyl, 
Mes = 2,4,6-trimethylphenyl). 
 
The paucity of cobalt-based amine-borane dehydrogenation and transfer hydrogenation 
catalysts prompted us to investigate the efficiacy of complexes containing redox-active 
bisaryl(imino)acenapthene (BIAN) ligands.[14] This ligand class was deemed particularly 
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suitable because it offers a convenient synthesis from commercial precursors (>60 g scales), 
redox-activity, modular structure, and a persistent ligand backbone.[14] BIANs have mainly 
been exploited in noble metal catalysis so far,[15] while applications to 3d metal catalysis have 
only been reported very sporadically; systematic investigations are still in their infancy.[16] 
 
3.2 Results and Discussion 
Key discoveries and model reactions. We previously investigated in our group the catalytic 
properties of low-valent ferrate and cobaltate anions in the hydrogenation of olefins, ketones, 
and imines.[17] The pre-catalysts [K([18]c-6)(thf)2][M(η4−anthracene)2] (M = Fe, Co)[18] and 
[K(thf)x][Co(η4−cod)2][19],[20] (cod = 1,5-cyclooctadiene) enabled the hydrogenation of 
disubstituted alkenes, ketones and imines. Poor activities were observed for the 
hydrogenation of tri-substituted alkenes and dehydrogenations of amine-boranes.[20] We 
therefore set out to manipulate the stereoelectronic properties of the catalysts by incorporation 
of redox-active bis(imino)acenaphthene ligands. The synthesis of 
[K(thf)1.5{(DippBIAN)Co(η4-cod)] (1) (Dipp = 2,6-diisopropylphenyl; Figure 1) was recently 
reported.[21] 1 and the closely related mesityl-derivative [K(thf){(MesBIAN)Co(η4-cod)] (2) 
(Mes = 2,4,6-trimethylphenyl, see the SI for details) were readily accessible in high yields from 
a straightforward ligand exchange reaction of [K(thf)x{Co(η4-cod)2}] with ArBIAN (Ar = Dipp 
or Mes). The redox-active BIAN moiety in 1 and 2 may facilitate metal-centered redox 
processes by its ability to accommodate two electrons, while cod can serve as a placeholder for 
vacant coordination sites. We commenced our1 studies with dimethylamine-borane 
(NMe2HBH3, DMAB, Scheme 1 and Figure 2) as model substrate and monitored its 
consumption by 11B NMR spectroscopy. With 5 mol% catalyst loading of 1 at 25 °C, DMAB 
was completely consumed within 34 h. The formation of two main products, tetramethyl-1,3-
diaza-2,4-diboretane (74%) and N,N’-dimethylaminoborane (22%), and one minor 
BH3-containing compound (quartet at -9.5 ppm, 1JBH = 134 Hz) was observed. The less bulky 
pre-catalyst 2 was far less selective as illustrated by the observation of significant quantities of 
N,N'-dimethylaminoborane (19%) and unknown BH3-containing species (17%). We therefore 
employed pre-catalyst 1 for further dehydrogenation studies. 
A kinetic analysis by 11B NMR spectroscopy showed that the reaction likely proceeded through 
a stepwise mechanism involving the linear intermediate B (Me2N-BH2-NMe2-BH3) and the 
unsaturated intermediate C (Me2N=BH2) (Scheme 1). As proposed by Schneider and co-workers 
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for dehydrogenations catalyzed by a Ru-amido pincer complex and by Weller and co-workers 
with a cationic Rh-phosphine complex,[22] the loss of two molecules dihydrogen operates over 
two steps when the reaction proceeds through B. In case of C, both dihydrogen molecules are 
lost in the first step and a cycloaddition gives the terminal product D. We cannot rule out that 
B was also converted into D by the loss of one molecule H2. The side product HB(NMe)2 was 
reported for many catalytic DMAB hydrogenations in the literature.[5],[8],[9] Monitoring the 
time-dependent H2 formation (see the SI) revealed an induction period of approx. 1 min (SI, 
Figure S2). A comparison of the initial rates indicates that the catalytic dehydrogenation 
activity of 2 is five times higher than that of 1 (SI, Figure S2). 
 
 
Figure 2. Time-dependent 11B NMR spectra (160.4 MHz, 300 K, C6D6 capillary) of the DMAB dehydrogenation 
with catalyst 1 (0.2 mmol DMAB in 2.5 mL THF).  
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Scheme 1. Dehydrogenation of dimethylamine-borane (NMe2HBH3 = DMAB) (left); proposed mechanism 
based on observed intermediates (bottom).  
 
Furthermore, we studied catalytic dehydrogenations with the sterically more demanding 
diisopropylamine-borane and the primary N-methylamine-borane (Scheme 2). Both reactions 
were rarely reported under base metal catalysis.[8],[23] 
MeH2N-BH3
- H2






THF, 25 °C, 72 h
1 (5 mol%) iPr2N BH2
 
Scheme 2. Dehydrogenation of diisopropylamine-borane (a) and N-methylamine-borane (b). 
 
Diisopropylamine-borane exclusively afforded the iminoborane iPr2N=BH2 after 72 h in THF, 
which exhibited the characteristic triplet at 34.8 ppm in the 11B NMR spectrum (Figure 3, top). 
The formation of oligomeric [MeHN-BH2]n (n = 6-11) from N-methylamine-borane was 
corroborated by ESI-MS and 11B NMR spectroscopy. The ESI-MS spectra showed peaks at m/z 
186.3 to 443.6 at intervals of 43.1 (corresponding to the monomeric unit H2B-NMeH, see 
Figures S8-S9). 11B NMR spectra recorded in THF displayed a broad triplet at –4.8 ppm with 
the typical line broadening of 1JBH = 106 Hz. Significantly broader peaks are expected for a 
polymer (Figure 3, bottom).[24] 
 





Figure 3 11B NMR spectra (128.4 MHz, 300 K, C6D6) of dehydrogenation products of diisopropylamine-borane 
(top) and N-methylamine-borane (bottom) in THF. 
 
The dehydrogenation of ammonia borane (AB) is of particular interest due its high hydrogen 
content of 19.6 wt%.[1] The cyclopentadienyl carbonyl cobalt and tripodal phosphine cobalt 
complexes reported by the groups of Waterman and Shubina,[8b,c] respectively, are the only 
previously reported molecular cobalt catalysts for the AB-dehydrogenation (Figure 1).[9] 
Hence, we sought to compare the properties of pre-catalyst 1 with these benchmark systems 
that both operate at elevated temperature (65 °C). When 1 (5 mol%) was added to a solution 
of AB in THF, the evolution of H2 commenced immediately. This indicates a rapid onset of 
catalytic dehydrogenation already at ambient temperature. The characterization of reaction 
intermediates (Scheme 3) was performed by 11B NMR spectroscopy. The starting material AB 
was completely consumed after 24 h. Borazine (30 ppm) and polyborazine (26 ppm) were 




















Scheme 3. Dehydrogenation of ammonia borane catalyzed by 1 (5 mol%).  
 
However, it is noteworthy that a white precipitate formed during the reaction in THF. This 
solid was studied by magic angle spinning (MAS) 11B NMR spectroscopy with proton 
decoupling and cross-polarization (11B CPMAS NMR) as well as without cross-polarization 
from protons and with proton coupling. The 11B MAS NMR spectrum of this material showed 
two signals at 2 ppm and –19 ppm (Figure 4). Proton decoupling (11B{1H} MAS NMR) reduced 
the linewidth of the –19 ppm resonance while it did not affect the signal at 2 ppm. The intensity 
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of the former signal was strongly enhanced in the 11B{1H} CPMAS spectrum. Thus, this signal 
should be assigned to a boron atom bonded to hydrogen(s). In contrast, the signal at 2 ppm 
may be assigned to a boron atom bearing no H atoms. We believe that this solid is 
polyaminoborane for which similar solid-state NMR data, particularly similar chemical shifts, 
were reported by Schneider and co-workers.[8] 
 
Figure 4. 11B NMR spectra at 300 K of polyaminoborane: MAS at 6 kHz; relax = relaxation. 
 
Mechanistic studies of dehydrogenation. AB dehydrogenation was directly monitored by H2 
evolution at 1–12.5 mol% catalyst loading (Figure 5). An induction period was apparent at low 
catalyst concentrations, indicating that 1 might act as a pre-catalyst that is converted to the 
active catalyst species under reaction conditions. The formation of 0.5 equivalents H2 per AB 
was observed within the first 2 min with 5 mol% (10 mM) catalyst. Subsequently, the reaction 
became much slower, indicating catalyst deactivation and possibly a change in the reaction 
mechanism. A plot of the initial rates vs. catalyst concentrations (SI, Figure S3) showed a 2nd 
order rate in catalyst. A linear relationship between reaction rate and substrate concentration 
from 50–200 mM was established from dehydrogenations with different AB concentrations 
and constant catalyst concentration (SI, Figure S4). Higher substrate concentrations afforded 
no significant enhancement of the initial rate constant. Based on these data, the following rate 
law can be formulated:  
 
d(H2)/dt = k·[catalyst 1]2·[NH3BH3]  (1) 
 





Figure 5. Dehydrogenation of AB catalyzed with different catalyst loading of 1 (Reaction conditions: 
0.2 mmol AB in THF (1 mL) at 25 °C, left) and different AB concentration (Reaction conditions: 10 mM 1 in 
THF (1 mL) at 25 °C, right).  
 
Further mechanistic evidence was gathered from GC-MS investigations of the reaction 
mixtures, which documented the formation of cyclooctene and cyclooctane arising from 
(partial) hydrogenation of the 1,5-cyclooctadiene ligand in 1. No H2 formation was observed 
in control experiments with NMe3BH3 and NH3BEt3. A crossover experiment with a substrate 
mixture of NMe3BH3 and NH3BEt3 did not result in any H2 formation. Consistently, no 
dehydrogenation products were observed by 11B NMR. These results proved that the presence 
of H-N and H-B entities within one molecule are required to enable dehydrogenation of amine-
boranes. To gain more insight into the operating reaction mechanism, we performed 
dehydrogenations of the deuterated species ND3BH3, NH3BD3, and ND3BD3. Experiments with 
5 mol% catalyst 1 and ND3BH3 revealed a kinetic isotope effect (KIE) k(NH3BH3) / 
k(ND3BH3) = 1.6 (2° KIE), while with NH3BD3 a negligible KIE k(NH3BH3) / k(NH3BD3) of 0.9 
was observed. This is strongly indicative of a participation of a protic H-N in the rate 
determining step. Fully deuterated ammonia borane (ND3BD3) showed a strong KIE 
k(NH3BH3) / k(ND3BH3) of 2.0 (Figure 6). 
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Figure 6. Observation of kinetic isotope effects in the dehydrogenation of ammonia borane. Reaction 
conditions: 5 mol% 1, 0.2 mmol AB, THF (1 mL), 25 °C. 
 
Complementing the kinetic studies, we conducted poisoning experiments in order to study 
the nature of the catalytically active species.[25] The analysis of changes in the catalyst activity 
by the presence of selective catalyst poisons is an instructive tool for the distinction between 
homotopic and heterotopic catalysis pathways.[20],[26] Mercury (675 equiv. per [Co]) and 
P(OMe)3 (0.2 equiv. per catalyst) barely had an influence on the overall reaction rate (5 mol% 
catalyst, see Figure 7). Both additives are known to selectively poison heterogeneous 
catalysts.[20],[25],[26] A complementary experiment was performed with the strong π-ligand 
dibenzo[a,e]cyclooctatetraene (dct), which selectively deactivates soluble metal complexes in 
low oxidation states and therefore is a powerful poison of homogeneous catalysts.[20],[25]-[27] 
 
Figure 7. Poisoning experiments in the dehydrogenation of AB. Reaction conditions: 5 mol% 1, 0.2 mmol AB, 
THF (1 mL), 25 °C. 
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Addition of AB to a solution of the catalyst (5 mol% 1) and dct (2 equiv. per [Co]) significantly 
slowed down the reaction. The inhibition was not complete as dct underwent partial 
hydrogenation to E/Z-dibenzocyclooctene and dibenzocyclooctane (GC-MS). These poisoning 
studies support the notion of a homotopic reaction mechanism.  
The insight gained by these studies can be summarized in a tentative mechanistic scheme 
(Scheme 4). Catalysis is initiated by the (partial) hydrogenation of the cyclooctadiene ligand. 
This results in an induction period observed in the reaction-time profiles at low catalyst 
concentrations. The poisoning studies indicate that a homogeneous (molecular) catalyst is 
operative, while the 2nd order rate law with respect to cobalt suggests that the rate-determining 
step involves two cobalt atoms. While the exact structure of the active species still remains 
obscure presently, it should be noted that numerous transition metal hydrides catalyze amine-
borane dehydrogenation,[1] and there is literature precedent for dinuclear cobalt hydride 
complexes.[33] A dinuclear cobalt hydride species thus might be a plausible on-cycle 
intermediate. The basic nature of the hydride ligands might explain why N−H transfer appears 
to be rate determining in this case. 
 
 
Scheme 4. Summary of the mechanistic information gained for amine-borane dehydrogenation and transfer 
hydrogenation (X = CR2; NHR''). 
 
Scope of transfer hydrogenations. Next, we expanded the catalytic applications of 1 and 2 to 
transfer hydrogenations of C=C and C=N bonds using AB as formal hydrogen donor. Only a 
few molecular cobalt catalysts are known to be competent in transfer hydrogenations of olefins 
and imines (Figure 1).[9] We performed initial studies with the combination of NH3BH3 and 
α-methylstyrene (SI, Table S1). Pre-catalysts 1 and 2 gave similar results. Optimizations with 
1 showed best activities and full conversion at 5 mol% catalyst loading and equimolar 
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concentrations of alkene and AB (0.2 mol L–1 in THF, see SI: Table S1). Allylbenzene, linear 
α-olefins, and 4-octene were successfully hydrogenated under these conditions (Figure 8). 
Complete hydrogenation of 1,1-diphenylethylene proceeded within 40 h at ambient 
temperature. The reaction conditions were compatible with ethers, esters, amines, CF3, F, and 
free alcohols (Figure 8). Minor dehydrohalogenation (3%) was observed for 4-chloro-
α-methylstyrene. Alkyl cinnamates underwent competitive carbonyl hydrogenation to give 
3-phenyl-1-propanol. Challenging tri-substituted olefins such as 1-phenylcyclopentene, 
1-phenyl-1-cyclohexene, and triphenylethylene as well as arene moieties remained untouched 
even at elevated temperatures and with an excess of AB. Hydrogenation of such unsaturated 
functions could be realized by applying external H2 pressure (vide infra). The scope of transfer 
hydrogenations was extended to imines and quinoline derivatives (Figure 8). Hydrogenations 
of quinolines are of particular interest due to the formation of 1,2,3,4-tetrahydroquinolines, 
which constitute key motifs of several bioactive compounds.[30],[31] Very few heterogeneous 
catalysts for the transfer hydrogenation of quinolines and related N-heterocycles were 
described by Beller and co-workers,[28] while molecular catalysts are also scarce.[30] Using 
catalyst 1, various quinolines were hydrogenated to 1,2,3,4-tetrahydroquinolines at room 
temperature within 16 h. The equimolar stoichiometry of quinolines and AB underlines the 
high efficacy of catalyst 1 as 2 equiv. H2 per AB are being transferred. Quinoxaline containing 
two C=N bonds was fully hydrogenated. 
 




Figure 8. Transfer hydrogenation of alkenes with 1 (5 mol%). Standard conditions: alkene and AB (each 
0.2 mmol), THF (1 mL); yields were determined by quantitative GC vs. internal n-pentadecane. [a] 40 h. 
 
Mechanistic studies of transfer hydrogenation. We investigated the reaction-time profile of 
the hydrogenation of α-methyl-styrene (blue curve in Figure 9). The reaction onset is very fast 
(50% conversion after 3 min) and very similar to the dehydrogenation of AB (Figure 5). The 
reaction between α-methyl-styrene and AB under an atmosphere of 1 bar D2 showed no 
deuterium incorporation after 5 min (GC-MS, see SI: Figure S15). This indicates a direct (i.e. 
intramolecular) hydrogen transfer from AB to the alkene (see Scheme 4 above) which is orders 
of magnitude faster than the reduction of the alkene by D2. Furthermore, this observation 
argues against a stepwise mechanism involving H2 formation from AB followed by cobalt-
catalyzed hydrogenation of the alkene. Deuterated cumenes (appr. 15-20%, mostly cumene-d1, 
little cumene-d2-7) were only observed after long reaction times (16 h, GC-MS, see SI: Figures 
S14 and S16).[32] Catalyst poisoning studies with dct suggested that the reaction follows a 
homotopic mechanism. The reaction was immediately inhibited after dct addition at 50% 
conversion (1.0 equiv. per [Co], Figure 9). The partial hydrogenation of the catalyst poison dct 
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to a mixture of dibenzocyclooctene and dibenzocyclooctane resulted in the recovery of low 
catalyst activity after a few minutes (GC-MS). 
 
Figure 9. Catalyst poisoning in the transfer hydrogenation with 1. 
Hydrogenation of alkenes. The inefficacy of the transfer hydrogenation protocol for sterically 
hindered and some functionalized substrates prompted us to develop a hydrogenation 
protocol that would combine the rapid catalyst activation mechanism by catalytic amounts of 
AB with a hydrogenation mechanism in the presence of (super)stoichiometric amounts of H2 
gas (Table 1).[34],[35] Pre-catalyst 2 proved slightly higher activity than 1 in the hydrogenation of 
the model substrate triphenylethylene. With 3 mol% of 2, the hydrogenation proceeded 
cleanly at 20 bar H2 and 60 °C in the presence of several amine-boranes as catalyst activators. 
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Table 1. Screening of different additives in the hydrogenation of triphenylethylene 
with catalyst 2.[a]  
 
Additive Yield (conversion) in [%] 
w/o  0 (0) 
NMe2HBH3 92 
NH3BH3 > 99 
NH3BH3 [b] > 99 
NEt3 0 (13) 
Pyridine 1 (14) 
Piperidine 0 (12) 
BH3·(THF) 2 (52)[c] 
[a] Standard conditions: 2 (3 mol%), substrate (0.2 mmol) in THF (1 mL). Yields of 
hydrogenated products were determined by quantitative GC vs. internal n-pentadecane. 
[b] Catalyst 1 instead of 2. [c] Possibly due to hydroboration of triphenylethylene. 
The general conditions were applied to a series of tri-substituted olefins (Figure 10). It is 
noteworthy that, unlike the transfer hydrogenation protocol, no dehalogenation was observed 
for 4-halo-α-methylstyrenes (X = Cl, Br) under these hydrogenation conditions. Naphthalene 
and pinene were hydrogenated at elevated temperature. 
 
Figure 10. Substrate scope of alkene hydrogenations involving AB-mediated catalyst activation. Bonds in 
blue indicate sites of π-bond hydrogenation. Standard conditions: 0.2 mmol alkene, THF (1 mL). Yields 
determined by quantitative GC-FID vs. internal n-pentadecane; conversions given in parentheses if <90%.  
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3.3 Conclusion 
We have shown for the first time that highly reduced cobalt anions such as 
[K(thf)1.5{DippBIAN)Co(η4-cod)}] (1) can be used as active catalysts for the dehydrogenation of 
ammonia borane (AB) and related amine-boranes under mild conditions. The activitiy of 1 
surpasses that of other molecular cobalt catalysts by Waterman[10] and Shubina[11] (Figure 1), 
which require elevated temperatures for an effective dehydrogenation reaction. Pre-catalyst 1 
displayed a similar activity as Peter’s PBP pincer complex[9] for the dehydrogenation of DMAB. 
A mixture of polyaminoborane, borazine, polyborazine was obtained using catalyst 1, 
indicating that >1 equiv. H2 was released from AB. Reaction monitoring and poisoning 
experiments strongly indicate the operation of a homotopic catalyst. Transfer hydrogenation 
of olefins, imines, and quinolines have attracted increased interest only recently.[28],[29] Catalyst 
1 is also able to catalyze such transformations effectively, which involved the transfer of up to 
2 equiv. H2 from AB. Mechanistic studies documented that the rate-determining step likely 
involves proton transfer from the amine-borane, while the rate law suggested that more than 
one Co atom may be involved. Poisoning experiments again supported a homogeneous 
mechanism. [K(thf){MesBIAN)Co(η4-cod)}] (2) exhibited similarly good catalytic activity in the 
transfer hydrogenation reaction between AB and alkenes/imines. A related protocol was used 
for the hydrogenation of challenging tri-substituted olefins which involved catalyst activation 
by AB and subsequent hydrogenation under 10 bar H2. This initial study demonstrates the 
significant potential of highly reduced -diimine cobaltates for (de)hydrogenation reactions 
for the first time. The results have direct ramifications for the development of related reductive 
transformations and H2 storage processes under base metal catalysis, which are the subject of 
on-going investigation in our laboratories. 
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3.5 Supporting Information 
3.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Analytical Thin-Layer Chromatography: TLC was performed using aluminum plates with 
silica gel and fluorescent indicator (Macherey-Nagel, 60, UV254). Thin layer chromatography 
plates were visualized by exposure to UV light (366 or 254 nm).  
Chemicals and Solvents: Solvents were dried and degassed with an MBraun SPS800 
solvent-purification system. THF, diehtylether were stored over molecular sieves (3 Å). 
n-hexane was stored over a potassium mirror. 1,2-dimethoxyethane was stirred over 
K/benzophenone, distilled and stored over molecular sieves (3 Å). Commercially available 
olefins, imines, and quinolines were purified by distillation (Kugelrohr) and in case of liquids 
dried over molecular sieves (3 Å). Amine-boranes (NH3BH3 (60 °C, 10–3 mbar, NMe2HBH3 
(25 °C, 10–3 mbar), NMe3BH3 (25 °C, 10–3 mbar) were sublimed prior to use.  
Column Chromatography: Flash column chromatography with silica gel 60 from Sigma 
Aldrich (63 – 200 µm). Mixture of solvents used are described vide infra. 
Elemental Analyses: CHN analyses were recorded by the analytical department of the 
University of Regensburg using a Micro Vario Cube (Elementar) 
ESI-MS: ESI-MS spectra were carried out by the analytical department of the University of 
Regensburg, Agilent Q-TOF 6540 UHD 
High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high 
pressure reactors (ParrTM) in 4 mL glass vials. The reactors were loaded under argon, purged 
with argon, sealed and the internal pressure was adjusted. Hydrogen (99.9992%) was 
purchased from Linde. 
NMR spectroscopy: 1H, 2H, 13C{1H}, 11B{1H}, and 11B NMR spectra in solutions were recorded 
on Bruker Avance 300 (300 MHz) and BrukerAvance 400 (400 MHz) if not stated otherwise. 
These chemical shifts are given relative to solvents resonances in the tetramethylsilane scale 
(1H, 13C{1H}, 2H (TMS-d12)) and 15% BF3-OEt2 scale (11B{1H}, 11B). The following abbreviations 
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have been used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, 
m = multiplet, dd = doublet of doublet, dt = doublet of triplet. Solid-state 11B NMR spectra 
were recorded on an Infinityplus spectrometer (Agilent) operated at 7 Tesla, equipped with a 
6 mm pencil CPMAS probe. The spectrum was indirectly referenced to NaBH4 (–42.1 ppm)[1] 
Fourier-Transformations-Infrared-Spectroscopy (FT-IR): Spectra were recorded on Agilent 
Cary 630 FTIR with ATR device. All spectra were recorded at room temperature. Wave 
numbers are given in cm–1.  
Gas chromatography with FID (GC-FID): Shimadzu GC2010plus. Carrier gas: H2. Colum: 
Restek Rxi®, (30m x 0.25 mm x 0.25 µm) Carrier gas: H2. Standard heating procedure: 50°C 
(2 min), 25°C/min  280°C (5 min). HP6890 GC-System with injector 7683B and Agilent 7820A 
System. Column: HP-5, 19091J-413 (30 m × 0.32 mm × 0.25 µm), carrier gas: N2. Calibration of 
substrates and products with internal standard n-pentadecane and analytically pure samples. 
Gas chromatography with mass-selective detector (GC-MS): Agilent 7820A GC system, mass 
detector 5977B. Carrier gas: H2. Column: HP-5MS (30m x 0.25 mm x 0.25 µm). Standard 
heating procedure: 50°C  300°C. Agilent 6890N Network GC-System, mass detector 5975 
MS. Column: HP-5MS (30m × 0.25 mm × 0.25 µm, 5% phenylmethylsiloxane, carrier gas: H2. 
Standard heating procedure: 50 °C (2 min), 25 °C/min  300 °C (5 min). 
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3.5.1 Synthesis of Starting Materials 
3.4.1.1 Synthesis of Bis[N,N’-(2,6-diisopropylphenyl)imino]acenaphthene (DippBIAN) 
DippBIAN was synthetized according to a protocol of Fukuda and co-workers.[2] 
 
Acenaphthenequinone (7.5 g, 41.2 mmol, 1.0 equiv.) was suspended in 250 mL acetonitrile and 
heated to reflux for one hour. 65 mL of acetic acid was added to the suspension and reflux was 
continued for further 30 minutes. 2,6-diisopropylaniline (18.7 mL, 99.1 mmol, 2.7 equiv.) was 
added dropwise over 30 min. The reaction temperature was kept for additional 4.5 hours. 
Then the reaction mixture was cooled to room temperature. The crude product was obtained 
by filtration and washed with n-pentane (3 x 50 mL). The solid was dissolved in 300 mL 
chloroform and filtered. Evaporation of the solvent yielded DippBIAN as yellow-orange 
powder. 
 
Formula: C36H40N2 (M = 500.73 g mol–1) 
Yield: 17.0 g (34.0 mmol, 83%) 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: 7.88 (d, J = 8.3 Hz, 2H, CHBIAN), 7.36 (t, J  = 7.8 Hz, 
2H, CHBIAN), 7.27 (m, 6H, CHDipp), 6.63 (d, J = 7.2 Hz, 2H, CHBIAN), 3.03 (sept, J = 6.8 Hz, 4H, 
CH(CH3)2), 1.23 (d, J = 6.8 Hz, 12H, CH(CH3)2), 0.97 (d, J = 6.8 Hz, 12H, CH(CH3)2).  
3.4.1.2 Synthesis of Bis[N,N’-(2,4,6-trimethylphenyl)imino]acenaphthene (MesBIAN) 
MesBIAN was synthesized according to a procedure of Gasperini and co-workers.[3] 
 
Acenaphthenquinone (5.5 g, 30.0 mmol, 1.0 equiv.) and dry zinc(II)-chloride (10.95 g, 
80.3 mmol, 2.7 equiv.) were mixed in 85 mL acetonitrile and stirred for 10 minutes at 60 °C 
before 2,4,6-trimethylaniline (9.7 mL, 69.2 mmol, 2.3 equiv.) was added to the yellow 
suspension. The reaction mixture immediately turned orange and was heated to reflux for 
45 min. The formed solid was filtered hot and washed with diethyl ether (3 x 50 mL). MesBIAN-
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ZnCl2 was dried in vacuo and dissolved in 500 mL dichloromethane in a separating funnel. 
After addition of 150 mL saturated sodium oxalate solution, the mixture was shaken for five 
minutes until white zinc(II)-oxalate complex was formed. The organic phase was separated 
and dried over magnesium sulfate. After filtration, the solvent was evaporated and MesBIAN 
was obtained as orange powder. 
 
Formula: C30H28N2 (M = 416.57 g mol–1) 
Yield: 9.1 g (21.8 mmol, 73%) 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: .89 (d, J = 8.2 Hz, 2H, CHBIAN), 7.36 (dd, J = 8.2 Hz, 
7.2 Hz, 2H, CHBIAN), 6.97 (s, 4H, CHAr), 6.77 (d, J = 7.2 Hz, 2H, CHBIAN), 2.38 (s, 6H, p-CH3), 2.38 
(s, 12H, o-CH3) 
 
3.4.1.3 Synthesis of [K(thf)1.5{(DippBIAN)Co (η4-cod)}] 
[K(thf)1.5{(DippBIAN)(Co(η4-cod)}] was synthesized by a modified procedure from Wolf and 
co-workers.[4] 
 
A solution of DippBIAN (2.0 g, 4.0 mmol, 1.0 equiv.) in 200 mL THF was added to a solution of 
[K(thf)0.2Co(η4-cod)2] (1.3 g, 4.0 mmol, 1.0 equiv.) in 100 mL THF. An immediate color change 
to dark green was observed. After stirring the reaction mixture for two hours, the solvent was 
removed and the residue was washed with 100 mL n-hexane. The crude product was dissolved 
in 100 mL THF and filtered. The filtrate was concentrated and layered with n-hexane. Dark 
green crystals were obtained upon storing for one week (1.39 g, 42%). The crystals still 
contained 0.1 equiv. of n-hexane after drying the crystalline solid in vacuo according to 1H 
NMR spectroscopy. 
 
Formula: C44H52N2CoK (C4H8O)1.5 (C6H14)0.1 (M = 823.7 g mol–1) 
Yield: 1.39 g (1.68 mmol, 42%) 
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1H NMR (300.13 MHz, 300 K, THF-d8) δ[ppm]: 7.04 (overlapping m, 6H, CHAr), 6.28 (m, 2H, 
CHBIAN), 6.18 (m, 2H, CHBIAN), 4.88 (m, 2H, CHBIAN), 4.50 (m, 4H, CHDipp), 2.91 (m, 4H, cod-CH), 
2.34 (m, 4H, cod-CH2), 1.37 (d,12H, CH3), 1.09 (m, 4H, cod-CH2), 0.95 (d, 12H, CH3) 
 
3.4.1.4 Synthesis of [K(thf)1.5{(MesBIAN)Co (η4-cod)}] 
[K(thf){(MesBIAN)Co(η4-cod)}] was synthesized by a procedure according to Wolf and 
co-workers.[4] 
 
A solution of MesBIAN (1.15 g, 2.8 mmol, 1.0 equiv.) in 200 mL THF was added to a solution of 
[K(thf)0.2{Co(η4-cod)2}] (0.9 g, 2.8 mmol, 1.0 equiv.) in 100 mL THF. An immediate color change 
to dark green was observed. After stirring the reaction mixture for two hours, the solvent was 
removed and the residue was washed with 100 mL n-hexane. The crude product was dissolved 
in 40 mL THF and filtered. The filtrate was concentrated and layered with n-hexane. Dark 
green crystals were isolated after storage at room temperature upon storing for one week 
(0.85 g, 43%). The crystals still contained 0.1 equiv. of n-hexane after drying the crystalline 
solid in vacuo according to 1H NMR spectroscopy. 
 
Formula: C38H40N2CoK (C4H8O) (C6H14)0.1 (M = 703.51 g mol–1) 
Yield: 0.85 g (1.2 mmol, 43%) 
1H NMR (300.13 MHz, 300 K, THF-d8) δ[ppm]: 6.08 (m, 4H, CHAr), 6.28 (m, 2H, CHBIAN), 6.37 
(m, 4H, CHBIAN), 5.21 (m, 2H, CHBIAN), 2.65 (m, 4H, cod-CH), 2.45 (m, 12H, o-CH3), 2.33 (m, 4H, 
cod-CH2), 2.25 (m, 6H, p-CH3), 1.02 (m, 4H, cod-CH2) 
 
3.4.1.5 Synthesis of NH2MeBH3 
N-Methylamine-borane was synthesized according to a procedure of Fagnou and co-workers.[5] 
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A solution of BH3 (1 M in THF, 25.0 mL, 25 mmol) was added to a solution of methylamine 
(2 M in THF, 12.5 mL, 25 mmol) at –30 °C. The reaction mixture was warmed to room 
temperature and stirred overnight. The solvent was evaporated and the white residue dried 
in vacuo. Sublimation (45 °C, 10–3 mbar) afforded a white crystalline solid. 
 
Formula: CH8BN (M = 44.92 g mol–1) 
Yield: 0.60 g (13.4 mmol, 54%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 4.47 (br s, 2H, NH2), 2.28 (t, J = 6.0 Hz, CH3), 
1.43 (q, J = 96 Hz, BH3) 
11B NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –16.2 (s, 1B) 
11B{1H} NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –16.2 (q, 1JBH= 96 Hz, 1B) 
 
3.4.1.6 Synthesis of NEt3BH3 
Ammonia-triethylborane was synthesized according to a procedure of Guan and co-workers.[6] 
 
A solution of triethylborane (1 M in THF, 8 mL, 8 mmol) was added to a solution of ammonia 
(1 M in THF, 8 mL, 8 mmol) at –80 °C. The reaction mixture was warmed up to room 
temperature and stirred further for two hours. The solvent was evaporated and a colorless oil 
was obtained. 
 
Formula: C6H18BN (M = 115.03 g mol–1) 
Yield: 0.18 g (1.6 mmol, 20%) 
1H NMR (400.13 MHz, 300 K, C6D6) δ[ppm]: 1.00 (br s, 3H, NH3), 0.89 (t, J = 7.8 Hz, 9H, CH3), 
0.27 (q, J = 7.8 Hz, 6H, CH2) 
11B NMR (93.4 MHz, 300 K, C6D6) δ[ppm]: –4.1 (s, 1B) 
 
3.4.1.7 Synthesis of ND3BH3 
N-deuterated ammonia borane (ND3BH3) was synthesized according to a procedure of Baker 
and co-workers.[7] 
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Ammonia borane (153 mg, 4.96 mmol) was stirred four hours in 10 mL CD3OD. After 
evaporation of the solvent, the residue was dried in vacuo. The purity of the compound was 
ascertained by multinuclear NMR spectroscopy (1H, 2H, 11B, and 11B{1H} NMR). The deuterium 
content was determined by 1H NMR spectroscopy using the integrals of residual NH3BH3 
(0.23) and comparing this with the integral of N(D/H)3BH3 (2.85).  
Calculation: 1-(0.23/2.85) = 0.92 = 92% D-content. 
 
Formula: BH3D3N (M = 33.88 g mol–1) 
Yield: 0.12 g (3.5 mmol, 71%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 1.40 (q, 1JBH = 95 Hz, 3H) 
2H NMR (61.4 MHz, 300 K, THF-d8) δ[ppm]: 3.73 (br s, ND3) 
11B{1H} NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –22.4 (q, 1JBH = 95 Hz, 1B) 
11B NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –22.4 (s, 1B) 
 
3.4.1.8 Synthesis of NH3BD3 
B-deuterated ammonia borane (NH3BD3) was prepared according a procedure of 
Ramachandran and co-workers.[8] 
 
NaBD4 (98%-D-content (abcr), 1.0 g, 23.8 mmol, 1.0 equiv.) and ammonium sulfate (3.2 g, 
24.2 mmol, 1.02 equiv.) were mixed as solids and dissolved in THF (200 mL). The solution was 
stirred for 16 h at 40 °C. After cooling to room temperature, the suspension was filtered and 
the solvent evaporated. Sublimation (60 °C, 10–3 mbar) afforded a white solid. The deuterium 
content was determined by 1H NMR spectroscopy using the integrals of residual NH3BH3 
(0.38) and NH3BD3 (3.0). Calculation: 1–(0.38/3.0) = 0.87 = 87% NH3BD3. 
 
Formula: BH3D3N (M = 33.88 g mol–1) 
Yield: 0.30 g (8.9 mmol, 37%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 3.95 (m, 3H, NH3) 
2H NMR (61.4 MHz, 300 K, THF-d8) δ[ppm]: 1.22 (m, BD3) 
11B NMR (126.4 MHz, 300 K, THF-d8) δ[ppm]: –22.6 (s, 1B) 
Chapter 3. AB Dehydrogenation and Transfer Hydrogen. Catalyzed by α-Diimine Cobaltates 
 
84 
11B{1H} NMR (126.4 MHz, 300 K, THF-d8) δ[ppm]: –22.5 (s, 1B) 
 
3.4.1.9 Synthesis of ND3BD3 
Fully deuterated ammonia borane (ND3BD3) was synthesized analogously to ND3BH3.[7] 
 
NH3BD3 (145 mg, 4.3 mmol, 87%-D-content) was dissolved in 10 mL CD3OD and stirred for 
four hours. After evaporation of the solvent the residue was dried in vacuo. The purity of the 
compound was confirmed by multinuclear NMR-spectroscopy (1H, 2H, 11B, and 11B{1H} NMR). 
The deuterium content was determined by 1H NMR spectroscopy using the integral of residual 
NH3B(H/D)3 (1.0), Figure S5 and the integral of NH3B(H/D)3 (0.03, Figure S5).  
Calculation: [(1–0.1/3) · 0.87] = 0.84 = 84% ND3BD3. 
 
Formula: BD6N (M = 36.90 g mol–1) 
Yield: 0.30 g (8.9 mmol, 37%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 3.95 (m, 3H, NH3) 
2H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 3.73 (br s, ND3), 1.22 (m, BD3) 
11B NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –22.6 (s, 1B) 
11B{1H} NMR (124.6 MHz, 300 K, THF-d8) δ[ppm]: –22.5 (s, 1B) 
 
3.4.1.10 Synthesis of Poisoning Agents 
Mercury (Hg) and trimethylphosphite were received commercially. Trimethylphosphite was 
distilled prior to use. Both liquids were deaerated by three freeze-pump-thaw cycles. 
Dibenzo[a,e]cyclooctatetraene was synthesized in three steps according to procedures of Wudl 
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5-Dibenzosuberenone (2.91 g, 14.1 mmol, 1.0 equiv.) was dissolved in 20 mL DCM in a 
2-necked flask containing a nitrogen bubbler and a dropping funnel. Boron trifluoride etherate 
complex (2.67 mL, 21.0 mmol, 1.5 equiv.) was added at –10 °C to the solution, which led to an 
immediate color change to yellow. Trimethylsilyldiazomethane (2.0 M in diethylether, 
105 mL, 21.0 mmol, 1.5 equiv.) was dissolved in DCM (25 mL) and added dropwise over 1 h 
at –10 °C. The reaction mixture was stirred for additional 2 h at –10 °C. The mixture was 
poured into ice and the organic phase was separated. The aqueous phase was extracted twice 
with DCM (100 mL) and the organic phases were combined. After washing with brine (80 mL), 
the organic phase was dried over MgSO4. The solvent was evaporated and a yellow oil was 
obtained. The crude product was purified by column chromatography (SiO2 (20 cm); 
n-hexane/ethylacetate 10:1; Rf = 0.4). 6H-Dibenzo[a,e]cyclooctatrien-5-on was obtained as 
white to light yellow solid.  
Formula: C6H12O (M = 220.27 g mol–1) 
Yield: 1.60 g (7.3 mmol, 52%) 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: 78.29 (dd, J = 8.0 Hz, 1.0 Hz, 1H), 7.53-7.20 (m, 







6H-Dibenzo[a,e]cyclooctatrien-5-on (0.55 g, 2.4 mmol, 1.0 equiv.) and tosylhydrazine (0.49 g, 
2.6 mmol, 1.1 equiv.) were dissolved in ethanol (15 mL). After addition of three drops of 
concentrated hydrochloric acid, the suspension was stirred for 22 h. A white solid was 
received after filtration and dried in vacuo. This compound was used in the next step without 
further purification and analysis. 
Formula: C23H12N2O2S (M = 388.49 g mol–1) 
Yield: 0.74 g (7.3 mmol, 80%) 
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The corresponding hydrazone (1.5 g, 3.9 mmol, 1.0 equiv.) was suspended in a mixture of 
THF/Et2O (100 mL, 1:3). nButyllithium (2.5 M in hexane; 4.6 mL, 11.6 mmol, 3.0 equiv.) was 
added dropwise. The reaction mixture turned red and was stirred for 3.5 h (product formation 
was checked via TLC). A saturated solution of ammonium chloride (15 mL) was added to the 
solution, which lead to a yellow solution. After phase separation, the aqueous phase was 
washed with ethylacetate (2x15 mL). The organic phases were combined and dried over 
Na2SO4. A yellow oil was obtained after evaporation of the solvent. The crude product was 
purified by column chromatography (SiO2 (20 cm); n-hexane; Rf = 0.25). Dibenzo[a,e]cyclo-
octatetraene was obtained as a white solid. 
 
Formula: C16H12 (M = 204.27 g mol–1) 
Yield: 380 mg (1.9 mmol, 49%) 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: 7.17 (m, 4H, CHAr), 7.08 (m, 1H, CHAr). 6.77 (s, 
1H, CHalkene) 
 
3.5.2 Dehydrogenation Reactions 
Gas evolution measurements: Gas evolution measurements were done with Man on the Moon 
X103® kit (supplied by Man on the moon Tech, University of Zaragoza, Facultad de Ciencias, 
C/Pedro Cerbuna 12, 50009 – Zaragoza, Spain; http://www.manonthemoontech.com/). The 
volume of the reaction apparatus was determined by protic hydrolysis of different amounts of 
zinc. Evolved hydrogen in mmol was calculated using ideal gas law. Every reaction was done 
under inert atmosphere. 
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Figure S1. Man on the Moon apparatus for dehydrogenation reactions.  
 
Every 0.3s a datapoint (time, pressure) was generated. Curves were smoothed manually. 
In amine-borane dehydrogenation experiments a solution of the catalyst in THF (0.5 mL) was 
added with a syringe first. The pressure inside the reaction vessel was set to 0 mbar before a 
solution of amine-borane (0.2 mmol) in THF (0.5 mL) was added with a syringe. The resulting 
pressure was recorded over time. 
 
1) Dimethylamine-borane (NMe2HBH3) 
 
Figure S2. Time-dependent formation of hydrogenation from the dehydrogenation of dimethylamine-borane 
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2) Methylamine-borane (NMeH2BH3) 
 
Figure S3. Time-dependent formation of hydrogenation from the dehydrogenation of methylamine-borane 
(200 mM) with catalyst 1. 
3) Ammonia borane(NH3BH3) 
 
Figure S4. Initial rates of hydrogenation formation from dehydrogenation of ammonia borane(200 mM) vs. 
catalyst 1 concentration (left) and initial rates of H2 formation from dehydrogenation of ammonia borane 
catalyzed by 1 (10 mM) vs. ammonia borane concentration (right).  
NMR analysis 
Kinetic analysis of NMe2HBH3 dehydrogenation 
11B NMR spectra for the kinetic analysis of the dehydrogenation of dimethylamine-borane 
were recorded with a Bruker 500 MHz Ascend NMR spectrometer with a Prodigy CryoProbe. In 
an argon-filled glovebox dimethylamine-borane was dissolved in 2,5 mL THF and added 
dropwise to a solution of the catalyst in 2.5 mL THF. The reaction mixture was stirred at room 
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temperature. After defined times an aliquot of 0.2 mL was taken, and diluted with 0.4 mL THF, 
and subsequently analyzed by NMR spectroscopy.  
Dehydrogenation of NiPr2HBH3  
Catalyst 1 (9.7 mg, 0.012 mmol) was dissolved in 0.2 mL THF and NiPr2HBH3 (27.0 mg, 
0.23 mmol) in 0.5 mL THF. The amine-borane solution was added to the catalyst. The solution 
was stirred for 72 h at room temperature and after addition of a few drops C6D6 transferred in 
a quartz NMR tube and analyzed by 11B NMR spectroscopy. 
Dehydrogenation of NMeH2BH3 
Catalyst 1 (8.2 mg, 0.01 mmol) was dissolved in 0.2 mL THF and NMeH2BH3 (9.0 mg, 
0.2 mmol) in 0.6 mL THF. The amine-borane solution was added to the catalyst. The solution 
was stirred for 30 h at room temperature and after addition of a few drops C6D6 transferred in 
a quartz NMR tube and analyzed by 11B NMR spectroscopy. 
Dehydrogenation of NH3BH3 
Catalyst 1 (13.3 mg, 0.016 mmol) was dissolved in 0.3 mL THF and NH3BH3 (9.6 mg, 
0.31 mmol) in 0.3 mL THF. NH3BH3 was added to the catalyst. The solution turned dark and 
was stirred for 40 min. After addition of a few drops of C6D6, the reaction mixture was 
analyzed by 11B NMR spectroscopy. The signals were assigned based on the work of Schneider 
and co-workers.[11] 
 
Figure S5. 11B NMR spectrum of NH3BH3 dehydrogenation catalyzed by 1 after 40 min 
(CTB = cyclotriaminoborane, CDB = cyclodiaminoborane, BCTB = H3NBHNH2-cyclo-B3N3H11). 
Catalyst 1 (13.8 mg, 0.017 mmol) was dissolved in 0.3 mL THF and NH3BH3 (10.6 mg, 
0.34 mmol) in 0.3 mL THF. NH3BH3 was added to the catalyst. The solution turned dark and 
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was stirred for 24 h. After addition of a few drops C6D6, the reaction mixture was analyzed by 
11B NMR spectroscopy. 
 
Figure S6. 11B NMR spectrum of NH3BH3 dehydrogenation catalyzed by 1 after 24 h. 
Isolation of Polyaminoborane from NH3BH3 dehydrogenation 
NH3BH3 (76.5 mg, 2.5 mmol) in 5 mL THF was added to catalyst 1 
[K(Et2O)0.1{(DippBIAN)Co(cod)}] (96.5 mg, 0.12 mmol) in 5 mL THF. During the reaction, the 
flask was depressurized briefly by opening the schlenk tube for a moment. After 24 h, the 
reaction was filtered and the black residue washed with THF, n-hexane, and DME. Addition 
of aqueous HCl led to a color change to white. The white residue (25 mg) was washed several 
times with Et2O and dried in vacuo. The resulting powder was analyzed by IR-spectroscopy 
and 11B MAS. 
 
Figure S7. IR-spectra of obtained polyaminoborane. 
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ESI-MS analysis of NMeH2BH3 dehydrogenation 
Catalyst 1 (8.2 mg, 0.01 mmol) was dissolved in 0.2 mL DME and NMeH2BH3 (9.0 mg, 
0.2 mmol) in 0.6 mL DME. The amine-borane solution was added to the catalyst. The solution 
was stirred for 24 h at room temperature. After that the solution was filtered two times, diluted 
with DME, and subsequently analyzed by ESI-MS. 
Units of [-BH2-NHMe-]n from n=4 to n=11 can be observed (negative fragmentator 
potential -120 V). Using a positive fragmentator potential (120 V), DippBIAN (exact 
mass = 500.32 Da) could be identified as the main species. Addition of formic acid led to the 
observation of oligomer peaks (Δ m/z = 43). 
 
Figure S8. ESI-Scan (rt: 0.445-0.669 min, 28 scans) Frag=-120.0V (left). and ESI-Scan (retention time: 0.907-
1.389 min, 59 scans) Frag=+120.0V; L=ligand DippBIAN (exact mass = 500.32 Da), K = potassium (right). 
 
 
Figure S9. ESI-Scan (rt: 0.188-0.536 min, 22 scans) Frag=+120.0V, add. of 0.1% HCOOH. 
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Reaction of NMe3BH3 with catalyst 1 [K(thf)1.5{(DippBIAN)Co(η4-cod)}] 
Catalyst 1 (12.4 mg, 0.015 mmol) in 0.5 mL THF was added to NMe3BH3 (21.9 mg, 0.3 mmol) 
in 0.3 mL THF. No color change was observed. After stirring for 19 h, and addition of a few 
drops C6D6, the reaction mixture was analyzed by 11B NMR spectroscopy.  
 
Figure S10. 11B NMR spectrum of a reaction mixture of NMe3BH3 and 1. 
Reaction of NH3BEt3 with catalyst 1 [K(thf) 1.5{(DippBIAN)Co(η4-cod)}] 
Catalyst 1 (6.2 mg, 0.008 mmol) in 0.3 mL THF was added to NH3BEt3 (15.2 mg, 0.13 mmol) in 
0.3 mL THF. The reaction mixture slightly brownish and was stirred for further 20 h. After 
addition of a few drops C6D6, the solution was analyzed by 11B NMR spectroscopy. 
 
Figure S11. 11B NMR spectrum of a reaction mixture of NH3BEt3 and 1. 
Dehydrogenation cross experiment with NH3BEt3 and NMe3BH3 
Catalyst 1 (12.4 mg, 0.015 mmol) in 0.5 mL THF was added to a solution of NMe3BH3 (22.1 mg, 
0.3 mmol) and NH3BEt3 (39.0 mg, 0.34 mmol) in 0.3 mL THF. The color of the reaction turned 
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slightly lighter. The mixture was stirred for 19 h. After addition of a few drops C6D6, the 
solution was analyzed by 11B NMR spectroscopy. 
 
 
Figure S12. 11B NMR spectrum of a reaction mixture of NMe3BH3, NH3BEt3 and 1. 
3.5.3 Transferhydrogenation Reactions 
General procedure 
Under an atmosphere of argon, a 5 mL screw cap vial with a PTFE septum and magnetic stir 
bar was charged with the catalyst (n = 0.01 mmol) in THF (0.5 mL), n-pentadecane (20 µL) as 
internal standard, and the substrate (n = 0.2 mmol). The ammonia borane solution 
(n = 0.2 mmol) in THF (0.5 mL) was added with a syringe through the septum. After a certain 
reaction time, the reaction was quenched with saturated aqueous NH4Cl or NaHCO3 (in case 
of imines or quinolines). The mixture was extracted with ethyl acetate and the combined 
organic layers were dried (Na2SO4) and filtered over a pad of silica. The pad of silica was 
washed with ethyl acetate for one time. The reaction mixture was analyzed by quantitative 
GC-FID analysis.  
Some representative products (0.4 mmol, 2-fold approach) were isolated, in particular 
1,2,3,4-tetrahydroquinolines. After the reaction, the solution was quenched with saturated 
aqueous NaHCO3. The crude product was purified by column chromatography (SiO2).  
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Optimization of Reaction Conditions 
Table S1. Optimization of NH3BH3 dehydrogenation by modifying different parameters (catalyst, 







Time / h Solvent / mL 
Yield 
(Conversion) / % 
      
1 1 (5) 0.4 16 THF (1) 57 (71) 
2 1 (5) 0.65 16 THF (1) 77 (89) 
3 1 (5) 1.0 16 THF (1) 91 (100) 
4 1 (5) 1.0 18 THF (1) 93 (100)* 
5 2 (5) 1.0 18 THF (1) 92 (100)* 
6 1 (5) 1.0 16 DME (1) 93 (100) 
7 1 (5) 1.5 16 THF (1) 84 (94) 
8 1 (5) 1.0 2 THF (1) 71 (76) 
9 1 (5) 1.0 4 THF (1) 77 (81) 
10 1 (5) 1.0 6 THF (1) 81 (86) 
11 1 (0.1) 1.0 16 THF (1) 2 (9) 
12 1 (1) 1.0 16 THF (1) 10 (19) 
13 1 (3) 1.0 16 THF (1) 36 (45) 
14 1 (5) 1.0 16 THF (0.5) 83 (90) 
15 1 (5) 1.0 16 THF (2) 81 (89) 
16 - 1.0 16 THF (1) 0 (22) 
17 1 (5) NMe2HBH3 1.0 16 THF (1) 58 (70) 
* 0.34 mmol substrate 
 




 C11H15NO 163.22 g mol–1 
slightly brownish liquid 
Yield 58.4 mg (0.36 mmol, 90 %) 
Solvent From Pent:EtOAc:NEt3 (100:20:1) to Pent:EtOAc:NEt3 (100:40:1) 
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1H NMR (400.13 MHz, 300 K, CD2Cl2) δ[ppm]: 6.57 (m, 2HAr), 6.41 (m, 1HAr), 3.71 
(s, 3H, OCH3), 3.64 (br s, 1H, NH), 3.24 (t, J = 5.6 Hz, 2H, CH2), 2.75 (t, 
J = 6.5 Hz, 2H, CH2), 1.91 (m, 2H, CH2) 
13C{1H} NMR (101.4 MHz, 300 K, CD2Cl2) δ[ppm]: 152.1, 139.5, 123.1, 115.6, 115,1, 
113.1, 56.0, 42.7, 27.6, 22.9 
GC-MS tR = 9.80 min , (EI, 70 eV): m/z = 163 [M+] , 148, 130, 118, 103, 91, 77, 65, 
51 





 C10H13N  147.22 g mol–1 
slightly brownish liquid 
Yield 50.8 mg (0.35 mmol, 86 %) 
Solvent Pent:EtOAc:NEt3 (100:2:1)  
1H NMR (400.13 MHz, 300 K, CD2Cl2) δ[ppm]: 6.71 (m, 2HAr), 6.37 (m, 1HAr), 3.70 
(br s, 1H, NH), 3.27 (t, J = 5.6 Hz, 2H, CH2), 2.73 (t, J = 6.4 Hz, 2H, CH2), 
2.02 (s, 3H, CH3), 1.92 (m, 2H, CH2) 
13C{1H} NMR (101.4 MHz, 300 K, CD2Cl2) δ[ppm]: 143.0 130.3, 127.5, 126.2, 121.8, 
114.5, 42.5, 27.3. 22.9, 20.5 
GC-MS tR = 8.54 min, (EI, 70 eV): m/z = 146 [M+], 132, 117, 103, 91, 77, 65, 51 





C10H13N  147.22 g mol–1 
slightly yellow liquid 
Yield 44.9 mg (0.31 mmol, 76 %) 
Solvent Pent:EtOAc:Net3 (100:1:1) 
1H NMR (400.13 MHz, 300 K, CD2Cl2) δ[ppm]: 6.94 (m, 2HAr), 6.58 (m, 2HAr), 6.46 
(m, 2HAr) 3.93 (br s, 1H, NH), 3.28 (dq, J = 11.1 Hz. 2.0 Hz, 1H, CH), 2.78 
(m, 1H, CH2), 2.45 (m, 1H, CH2), 2.04 (m, 1H, CH2) 1.07 (d, J = 6.6 Hz, 
3H, CH3) 
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13C{1H} NMR (101.4 MHz, 300 K, CD2Cl2) δ[ppm]: 145.0, 130.0, 127.0, 121.4, 117.0, 
114.0, 49.2, 35.9, 27.7, 19.2 
GC-MS tR = 7.98 min, (EI, 70 eV): m/z = 143 [M+], 132, 115, 104, 89, 77, 71, 63, 51 






 C11H13NO2 191.23 g mol–1 
almost colorless liquid 
Yield 57.0 mg (0.30 mmol, 75 %) 
Solvent From Pent:EtOAc:Net3 (100:20:1) to EtOAc:Net3 (100:1) 
1H NMR (400.13 MHz, 300 K, CD2Cl2) δ[ppm]: 7.59 (m, 2HAr), 6.40 (m, 
1HAr), 4.50 (br s, 1H, NH), 3.80 (s, 3H, COOCH3), 3.33 (t, J = 5.6 Hz, 
2H, CH2), 2.76 (t, J = 6.3 Hz, 2H, CH2), 1.90 (m, 2H, CH2) 
13C{1H} NMR (101.4 MHz, 300 K, CD2Cl2) δ[ppm]: 167.6, 149.4, 131.4, 129.3, 
120.3, 117.5, 112.9, 51.6, 42.0, 27.3, 21.8 
GC-MS tR = 12.25 min, (EI, 70 eV): m/z = 191 [M+], 176, 160, 144, 132, 117, 
104, 89, 77, 65, 51 




 C8H10N2 134.18 g mol–1 
slightly reddish liquid 
Yield 47.8 mg (0.36 mmol, 90 %) 
Solvent From Pent:EtOAc:Net3 (100:1:1) to EtOAc:Net3 (100:1) 
1H NMR 400.13 MHz, 300 K, CD2Cl2) δ[ppm]: 6.50 (m, 4H, CHAr), 3.54 (br s, 2H, 
NH), 3.37 (s, 4H, CH2) 
13C{1H} NMR (101.4 MHz, 300 K, CD2Cl2) δ[ppm]: 134.2, 118.7, 114.7, 41.7 
GC-MS tR =  9.12 min, (EI, 70 eV): m/z = 133 [M+], 119, 104, 92, 77, 66, 51 
Analytical data were in full agreement with Beller and co-workers[12] 
 
 




 C14H15NO 213.28 g mol–1 
orange oil 
Yield 74.7 mg (0.35 mmol, 88 %) 
Solvent Pent/EA: 95:5 to 90:5 (Alumina N) 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: 7.35 – 7.29 (m, 2H, 
CHAr), 7.24 – 7.15 (m, 2H, CHAr), 6.94 – 6.84 (m, 2H, CHAr), 
6.78 – 6.70 (m, 1H, CHAr), 6.68 – 6.62 (m, 2H, CHAr), 4.27 (s, 
2H, CH2), 4.20 – 4.00 (br s, 1H, NH), 3.82 (s, 3H, CH3). 
13C{1H}-NMR (75.5 MHz, 300 K, CDCl3) δ[ppm]: 159.0, 148.2, 131.4, 129.4, 
129.0, 117.7, 114.1, 113.0, 55.4, 48.0. 
GC-MS tR = 10.12 min, (EI, 70 eV): m/z = 213.1 





C15H15NO2 241.29 g mol–1 
beige powder 
Yield 52.3 mg (0.22 mmol, 55 %) 
Solvent Pent/EA: 95:5 to 90:5 (Alumina N). 
1H NMR (300.13 MHz, 300 K, CDCl3) δ[ppm]: 7.91 – 7.84 (m, 2H, CHAr), 
7.40 – 7.28 (m, 5H, CHAr), 7.65 – 7.56 (m, 2H, CHAr), 5.20 – 4.60 
(br s, 1H, NH), 4.39 (s, 2H, CH2), 3.85 (s, 3H, CH3). 




Analytical data were in full agreement with Yamaguchi and co-workers.[14] 
 
Monitoring Reaction Progress of TH (α-methylstyrene) with Catalyst 1 
Under an atmosphere of argon, a 5 mL screw cap vial with a PTFE septum and magnetic stir 
bar was charged with catalyst 1 (20.5 mg, n = 0.05 mmol) in THF (2.5 mL), n-pentadecane 
(50 µL) as internal standard, and α-methylstyrene (65 µL, n = 0.5 mmol). The ammonia borane 
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solution (15.5 mg, n = 0.5 mmol) in THF (2.5 mL) was added with a syringe through the 
septum. After certain times, an aliquot (0.1 mL) was taken, quenched with saturated aqueous 
NH4Cl, filtered over silica, and extracted with ethyl acetate. The sample was analyzed by GC-
FID.  
 
TH (α-methylstyrene) with catalyst 1 in a D2 atmosphere 
Under an atmosphere of deuterium gas (99.5% deuterium content, Sigma-Aldrich, 1.1 bar, 
0.44 mmol), a 10 mL Schlenk flask with a magnetic stir bar was charged with catalyst 1 (8.2 mg, 
n = 0.01 mmol), α-methylstyrene (26 µL, n = 0.2 mmol) and C6D6 (8.3 µL, n = 0.094 mmol) in 
THF (0.5 mL). The ammonia borane solution (6.2 mg, n = 0.2 mmol) in THF (0.5 mL) was 
added with a syringe through the septum. After 5 minutes an aliquot (0.1 mL) was taken and 
analyzed by GC-MS. Subsequently, the septum was removed and the Schlenk flask closed with 
a glass stopper. After 16 h the reaction mixture was filtered in order to remove 
polyaminoborane. The solution was analyzed by 2H NMR spectroscopy. Remaining solution 
(0.5 mL) was quenched with saturated aqueous NH4Cl and the organic phase was extracted 
with ethyl acetate and dried over Na2SO4. The sample was analyzed by GC-MS. Deuterium 
signals of cumene-dx were assigned according to Jacobi von Wangelin and co-workers.[15] 
The amount of formed cumene-d (δ = 2.64 ppm) was calculated by comparing the integral with 
the internal standard C6D6 (0.094 mmol) added before starting the reaction. 
relative amount of deuterium incorporated into the methine position of the iPr group of 
cumene: 
n (cumene-d) = 0.43*0.094 mmol = 0.04 mmol  0.04 mmol/0.2 mmol = 20% 
relative amount of deuterium incorporated into the methyl position of the iPr group of 
cumene: 
n (cumene-d) = 2.38*0.094 mmol / 6 = 0.037 mmol  0.037 mmol / 0.2 mmol = 18% 
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Figure S13. 2H NMR spectrum (61.4 MHz, 300K, THF) of reaction mixture after 16 h. 
 
 
Figure S14. Chromatograms (GC-MS analysis) after 5 min (left) and 16 h (right); 3.39 min (cumene) and 4.00 
min (α-methylstyrene). 




Figure S15. Comparison of cumene peaks in chromatograms after 5 min (black) and 16 h red (left) and zoom 
of chromatogram after 5 min 
 
Figure S16. Zoom of chromatogram and m/z data of cumene peak (different retention times) after 5 min. 
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Figure S17. Zoom of chromatogram and m/z data of cumene peak (different retention times) after 16 h. 
3.5.4 Hydrogenation Reactions 
General procedure 
In an argon-filled glovebox, a flame-dried 4 mL reaction vial was charged with the substrate 
(0.2 mmol), n-pentadecane (50 µL) as internal reference for GC-FID quantification and the 
catalyst (0.006 mmol) in THF (1 mL). A solution of NH3BH3 (0.06 mmol) in THF (1 mL) was 
added during which the color changed to dark violet and hydrogen evolution occurred. The 
reaction vial was transferred to a high-pressure reactor which was sealed and removed from 
the glovebox. The reactor was purged with H2 (3 x 2 bar) and the reaction pressure and 
temperature were set. After the indicated reaction time, the vial was retrieved and the reaction 
mixture was hydrolyzed with a saturated aqueous solution of NH4Cl (1 mL). The reaction 
mixture was extracted with ethyl acetate (3 x 1 mL), dried over Na2SO4 and analyzed by GC-
FID and GC-MS.  Procedure for substrates, which are not tolerated by the metalate (4-X-alpha-











Chapter 3. AB Dehydrogenation and Transfer Hydrogen. Catalyzed by α-Diimine Cobaltates 
 
102 
Optimization of Reaction Conditions 
Table S2. Optimization of reaction conditions by modifying different parameters (catalyst, additive). 
 
Entry Catalyst / % Additive / mol% Yield (Conversion) / % 
1 1 - 0 (13) 
2 2 - 0 (11) 
3 1 NH3BH3 (30) 95 [a] 
4 2 NH3BH3 (30) >99 [a] 
5 1 NH3BH3 (60) 11 (23) [a] 
6 2 NH3BH3 (60) 10 (19) [a] 
7 1 NH3BH3 (15) 90 [a] 
8 1 Me2NHBH3 (30) 52 (58) 
9 2 Me2NHBH3 (30) 92 
10 1 Me2NHBH3 (15) 15 (24) 
11 1 NEt3 (30) 0 (15) 
12 2 NEt3 (30) 1 (13) 
13 2 Pyrrolidine (30) 1 (13) 
14 2 Pyridine (30) 1 (14) 
15 2 Piperidine (30) 0 (12) 
16 2 BH3.THF (30) 2 (52) 
17 2 NH3BH3 (30) 14 (27) [b] 
Conditions: 0.2 mmol (0.1 M) alkene in THF, 3 mol% catalyst, 20 bar bar H2, 25 °C, 24 h. Yields (GC-FID 
vs. internal n-pentadecane); conversions in parentheses if <90%. [a] 10 bar; [b] 3 bar, 3 h. 
 
Optimization of Reaction Conditions 
Table S3 Hydrogenation of-methylstyrene with catalyst 1 and 2 and different temperatures.  
 
Entry Catalyst / mol% Conditions Yield (Conversion) / % 
    
1 1 (3 mol%) 60 °C, 20 bar, 24 h >99 (>99) 
2 2 (3 mol%) 60 °C, 20 bar, 24 h 39 (39) 
3 1 (5 mol%) 25 °C, 20 bar, 13 h - (<5) 
4 2 (5 mol%) 25 °C, 20 bar, 13 h - (<5) 
Conditions: 0.2 mmol (0.1M) alkene in THF, 3 mol% catalyst. Yields (GC-FID vs. internal n-pentadecane); 
conversions in parentheses if <90%.  
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Note: The substitution / hydrogenation of 1,5-cyclooctadiene is presumably favored at 
elevated temperature, which might activate the catalyst precursor for the investigated 
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4.1 Introduction 
Metal-catalyzed hydrogenations of alkenes constitute one of the key chemical transformations 
with numerous applications ranging from lab-scale syntheses to industrial manufacturing.[1] 
The elucidation of the underlying catalytic mechanisms by Eisenberg, Halpern, Tolman, and 
others were major scientific milestones toward the understanding of elementary catalytic 
reaction steps, and the rational design of more active and selective catalysts. [1],[2] Very recently, 
the dominance of hydrogenation catalysts based on the noble metals Rh, Ru, Ir, Pd, and Pt has 
been challenged by the development of highly active 3d transition metal catalysts.[3] While the 
use of more abundant, cheaper, and often less toxic base metals constitutes an important 
contribution to a more sustainable chemistry, their distinct reactivity and selectivity has often 
been plagued by undesirable, destructive side reactions.[4] Nevertheless, recently, elaborate 
ligand design has enabled the development of highly active cobalt catalysts by the groups of 
Beller, Budzelaar, Chirik, Hanson, Elsevier, de Bruin, and others (Figure 1).[5][8] In the most recent 
literature, the implementation of pincer ligands (e.g. NNN; PNP; CNC) has proved crucial to 
the control of high activity and selectivity.[9]  
 
Figure 1. Known homogeneous cobalt catalysts for hydrogenation reactions (Dipp = 2,6-diisopropylphenyl) 
and catalytic system presented herein.  
 
Following our previous work on the chemistry of 3d metalates containing redox non-innocent 
arene ligands, such as [K(dme)2{Co(η4-C14H10)2}] or [K([18]c-6)][Fe(η4-C14H10)2],[10] we believed 
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that an efficient 3d metal catalyst for hydrogenation reactions would fulfil the following 
criteria: i) facilitation of redox steps at the metal by a redox-active ligand; ii) modular ligand 
design that allows convenient synthesis and easy catalyst tuning; iii) stabilization of reduced 
forms of the catalyst by the ligand, and iv) broad scope of hydrogenations of unsaturated C=C 
and C=X bonds. Imine-based ligand architectures constitute a privileged class of ligands as 
evidenced by the numerous applications in catalysis.[7] Simple α-diimine catalysts were first 
introduced by tom Dieck and co-workers in 1977.[11] Pincer-type motifs such as 
pyridinediimines[12] (PDIs) have recently received great attention. 
Bis(imino)acenaphthenes[13],[14] (BIANs) are another class of ligands that fulfils the above 
mentioned criteria (i-iii): BIANs can rapidly synthesized from commercial precursors on multi-
gram scales and are highly redox-active, as they are able to accept up to four electrons.[13]b] So 
far, there are eight reports of BIAN cobalt complexes amongst them five for applications in 
catalysis.[15] On this basis, we were motivated to investigate combinations of BIAN ligands and 
cobalt salts for their potential ability to form active hydrogenation pre-catalysts. Herein, we 
report the benefits of using this simple catalytic system, which presents specific advantages 
over the current state-of-the-art catalytic system. Using the methodology described herein, 
clean hydrogenations of challenging sterically hindered alkenes, imines, and heteroarenes 
proceed under mild conditions. Mechanistic insight into these reactions was gained from the 
isolation of structurally novel olefin and hydride complexes as potential catalyst intermediates 
that being distinct from those of traditional noble metal catalysts.  
 
4.2 Results and Discussion 
Optimization and Alkene Hydrogenation 
Initially, we probed the ability of [(DippBIAN)CoBr2] to act as pre-catalyst for the hydrogenation 
of the model substrate triphenylethylene (TPE) under mild conditions. High conversion was 
observed using lithium superhydride (LiBEt3H) as activating co-catalyst at 2 bar H2 and room 
temperature with only 3 mol% [(DippBIAN)CoBr2] (Table 1, procedure A, entry 1). The presence 
of the olefin substrate during initial pre-catalyst reduction/activation proved crucial for the 
observed high catalyst activity, possibly due to transient olefin coordination and stabilization 
of the low-valent catalyst (Table 1, entry 2).[6]d],[16],[17] The significantly lower activity of 
NaBEt3H relative to LiBEt3H suggests a considerable alkali-cation effect (Table 1, entry 5).[18] 
Employing other reducing agents in catalytic amounts such as HBpin/KOtBu instead of 
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[BEt3H]– resulted in almost no activity (Table 1, entry 6). It is also noteworthy that the BIAN 
cobalt halogenide complex is far more active as pre-catalyst compared to in situ formed 
pre-catalyst from BIAN and the corresponding cobalt halogenide salts (Table 1, entries 7,8).  
 
Table 1. Selected optimization experiments. 
 
Entry Deviation from standard conditions Yield (%) [a] 
1 A: reduction in presence of the substrate 92 (93) 
2 B: substrate addition after reductant addition 41 (50) 
3 A: 6 mol% LiBEt3H 75 (75) 
4 A: 6 mol% NaBEt3H instead of LiBEt3H 23 (33) 
5 A: 9 mol% NaBEt3H instead of LiBEt3H 64 (65) 
6 A: 9 mol% HBpin + 9 mol% KOtBu instead of LiBEt3H 1 (12) 
7 A: [(DippBIAN)CoCl2] instead of [(DippBIAN)CoBr2] 72 (72) 
8 A: CoCl2 + 2 DippBIAN instead of [(DippBIAN)CoBr2] 25 (35) 
9 A: w/o reductant <1 (9) 
Reaction conditions: 0.2 mmol alkene (1 M, THF), 9 mol% LiBEt3H (1 M, THF), 3 mol% [(DippBIAN)CoBr2], 
2 bar H2; [a] Yields determined by quantitative GC-FID vs. internal n-pentadecane; Conversions in 
parentheses. 
 
After optimization of the reaction conditions, the hydrogenation of other alkenes was 
investigated. Mono-, di- and tri-substituted alkenes were cleanly hydrogenated at 2-10 bar H2 
pressure at room temperature (Figure 2). The high efficacy of the developed protocol was 
demonstrated in the hydrogenation of challenging tri- and tetra-substituted alkenes such as 
myrcene, α-pinene, and α,β,β-trimethylstyrene under mild conditions (Figure 2). Under 
standard conditions, the hydrogenation of α-methylstyrene exhibited a turnover frequency 
(TOF) of 780 h–1 (see the SI). To the best of our knowledge, this protocol involves one of the 
most active homogeneous Co catalysts for alkene hydrogenations.[8] The presence of reduction-
sensitive functional groups in the alkenes demanded a modified protocol to achieve 
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satisfactory reactivity, involving addition of the hydride co-catalyst prior to the alkene 
(procedure B, see Table 1, entry 2 and Figure 2, bottom). This alternative procedure was 
tolerant to chloride, bromide, ether, and ester functions. In the absence of H2, 1-octene was 
rapidly isomerized to a mixture of octene regio- and stereoisomers. For phenylacetylene, slow 
cyclotrimerization to triphenylbenzene was observed in low yield (see the SI).  
 
Figure 2. Substrate scope for the hydrogenation of alkenes catalyzed by cobalt BIAN complexes. Bonds in 
blue indicate the site of complete π-bond hydrogenation. Standard conditions: 0.2 mmol alkene/alkyne (1 M, 
THF), 3 mol% [(DippBIAN)CoBr2], 9 mol% LiBEt3H (1 M, THF). Yields were determined by quantitative GC-
FID vs. n-pentadecane. Conversions are given in parentheses if <90%. Procedure A: Pre-catalyst reduction in 
the presence of substrate. Procedure B: Pre-catalyst reduction in the absence of substrate. [a] Traces of 
α-methylstyrene formed. [b] Traces of cumene formed. [c] Conversion <20%. 
 
Methodology Extension: Hydrogenation of Imines  
The homogeneous Co-catalyzed hydrogenation of imines[8]b],[10] and quinolines[8]f,h] is 
still in its infancy, despite being an atom-economic route to amines, which are prevalent 
in pharmaceutically and bioactively-relevant compounds.[19] Very good conversions 
were observed using the same cobalt catalyst in hydrogenations of selected electron-
deficient as well as electron-rich imines and quinolines (10 bar H2, 60°C, Figure 3). 
Potentially reducible ester functionalities were well tolerated, as were other functional 
groups including amines, fluorines, and ethers.  
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Figure 3. Hydrogenation of imines and quinolines. Blue bonds indicate the site of double bond 
hydrogenation. Reaction conditions: Procedure A: 0.2 mmol substrate (1 M, THF), 3 mol% 
[(DippBIAN)CoBr2], 9 mol% LiBEt3H (1 M, THF); 10 bar H2, 60 °C, 24 h. GC-FID yields vs. internal n-




The advent of 3d transition metal catalysts has gone hand in hand with the utilization of 
ligands that profoundly influence the electronic properties at the metal ions and enable redox 
reactivity patterns that are distinct from those of noble metals catalysts.[7] The reaction 
mechanisms of catalytic alkene hydrogenations with 2nd and 3rd row transition metals (Rh, Ru, 
Ir, Pd, Pt) are very well understood. For the classical Rh-catalyzed hydrogenation, alkene and 
hydride complexes have been determined as key catalyst intermediates and the elemental 
reaction steps involve two electron redox events at the metal.[1]-[3] There is less insight into the 
hydrogenation mechanisms of first row transition metals and the nature of the key catalyst 
intermediates is still largely unexplored, although Chirik and co-workers reported on a 
bis(aryl-imidazol-2-ylidene)pyridine cobalt hydride complex and a radical pathway that 
operates in cobalt-catalyzed alkene hydrogenations.[8]c] We aimed at a concise mechanistic 
study of Co-BIAN catalysts in alkene hydrogenations that would address the following 
questions: Is the BIAN ligand redox-active under the reaction conditions? Are radical 
pathways operating? To what extent are heterogeneous catalyst species involved? Do alkene 
and hydride intermediates play similarly important roles as 4d and 5d metal catalysts? 
We commenced our mechanistic studies with a set of key experiments that address the 
operation of radical mechanisms and the topicity of the active catalyst species. Initially, radical 
probes were evaluated. α-Cyclopropylstyrene underwent dual alkene hydrogenation and 
Chapter 4. Cobalt-Catalyzed Hydrogenations via Cobaltate Intermediates 
111 
hydrogenative ring-opening to give 2-phenylpentane in excellent yields following both 
procedures A and B, respectively (Scheme 1, A). This might be indicative of a mechanism 
involving hydrogen atom transfer (HAT).[20] Furthermore, this is in agreement with our 
observations that non-styrenic alkenes (i.e. alkenes without aryl substituents that could 
stabilize potential radical intermediates in benzyl positions) are more difficult substrates 
under the standard conditions. Hydrogen atom transfer from the solvent is rather unlikely as 
no deuterium incorporation detected for reactions performed in THF-d8 (Scheme 1, B). The 
high activity of the catalyst was further demonstrated by the hydrogenation of a C–C–σ–bond 
in cyclopropylbenzene (Scheme 1, C).  
 
Scheme 1. Key mechanistic experiments. 
 
The clear distinction between homogeneous and heterogeneous catalyst species is 
complicated,[21] yet our observations are consistent with a homogeneous mechanism. Reaction 
progress analyses documented an immediate onset of catalytic activity and steady conversion, 
which indicates a zero order for the substrate in the rate law (Figure 4, green curve). Thus, the 
rate-determining step presumably does not include olefin coordination. The absence of any 
sigmoidal curvature clearly argues against initial pre-catalyst nucleation and particle 
formation.[6] However, an induction period might be invisible due to the experimental setup 
(Procedure B, substrate conversion determined by gas-uptake; H2 consumption was recorded 
after pre-catalyst formation and substrate addition). Kinetic poisoning studies are an useful 
tool to determine the topicity of the operating catalyst species.[21] The attempted amalgamation 
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of the catalyst with 300 equiv. mercury (900 mol% vs. substrate) had only a minimal effect on 
the reaction rate (Figure 4, orange curve). Upon addition of sub-catalytic amounts of 
trimethylphosphite (P(OMe)3, 0.3 mol%), partial catalyst inhibition was recorded. Complete 
inhibition was achieved at a catalyst/poison ratio of 1:1 which is consistent with a homotopic 
catalyst (Figure 4, black curve). The selective homotopic catalyst poison 
dibenzo[a,e]cyclooctatetraene[21] (dct, 10 equiv. per Co) resulted in catalyst inhibition which 
was slightly diminished by the concomitant hydrogenation of dct as a competing substrate 
(Scheme 4, violet curve, 31% conversion of dct). The lower efficacy of dct as poison is 




Figure 4. Catalyst poisoning studies with P(OMe)3, Hg, and dct. Procedure B. Substrate conversion 
determined by gas uptake and quantitative GC-FID vs. internal n-pentadecane.  
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Figure 5. Poisoning experiments with different concentrations of trimethylphosphite (left), and plot of initial 
rates vs. trimethylphosphite concentration (right).  
 
Complexes and Catalyst Intermediates 
Based on the initial mechanistic experiments, we postulate a homotopic mechanism based on 
molecular cobalt catalysts. However, the distinct electronic properties of 3d transition metals 
vs. their heavier congeners suggest the participation of intermediate catalyst structures that 
are distinct from those of the Rh(I) hydrogenation catalysts. 
While pathways based on intermediate alkene and hydride complexes have been intensively 
studied in rhodium-catalyzed hydrogenations, knowledge on related catalyst intermediates 
with cobalt is still rather rare. To identify potential catalytically-relevant species, we 
investigated stoichiometric reactions of [(DippBIAN)CoBr2] with three equivalents of LiBEt3H, 
which is the same ratio (1:3) as used in the catalytic hydrogenations in order to isolate such a 
(DippBIAN)Co moiety. We supposed, that the low-valent monomeric unit (DippBIAN)Co might 
exhibit relevant catalytic activity and thus employed several arenes/olefins as labile 
coordination placeholders during the reductive dehalogenation of [(DippBIAN)CoBr2]. 
Reduction of [(DippBIAN)CoBr2] in THF with three equivalents of LiBEt3H and an excess 
amount of 1,5-cyclooctadiene (cod) led to the formation of [Li(thf)3.5{(DippBIAN)Co(η4-cod)}] (1), 
which was isolated after recrystallization from a THF/Et2O/n-hexane mixture in 17% yield. 
This complex is the corresponding lithium salt to our previously described potassium 
cobaltate [K(thf){(DippBIAN)Co(η4-cod)}] (2), which showed the same structure in solid-state 
and similar 1H and 13C{1H} NMR spectra.[15]c]  
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Scheme 2. Cobalt complexes 1, 3, and 4, generated from stoichiometric reductions of [(DippBIAN)CoBr2] with 
three equivalents of LiBEt3H.  
 
Crystals of 1 suitable for single-crystal X-ray diffraction were grown from THF/n-hexane. 
Complex 1 crystallized in space group Pmn21 with two molecules per formula unit. From a 
structural point of view, 1 is essentially identical to the known potassium salt. Based on 
literature precedents, the BIAN ligand in 1 can be assigned as a dianion based on its key bond 
distances (C–C: 1.389(4) Å; C–N: 1.383(3) Å; Figure 2).[13],[15]c] Consequently, an oxidation state 
of +I for cobalt is assigned. In comparison, [(DippBIAN)CoBr2] contains a neutral BIAN ligand 
(C–C: 1.513(7) and 1.521(6) Å; C–N: 1.277(7)–1.286(8) Å) (see the SI).[13]b]  
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Figure 6. Solid-state molecular structure of [Li(thf){(DippBIAN)Co(η4-cod)}] (1) with thermal ellipsoids drawn 
at the 40% probability level. Selected bond lengths [Å] and angles [°]: C1–C1' 1.389(4), N1–C1 1.383(3), N1–
Co1 1.945(1), C21–C22 1.401(4), N1–Co1–N1' 83.0(1). Hydrogen atoms are omitted for clarity.  
 
As a lot of the substrates investigated for hydrogenation are derivatives of styrene and 
therefore contain potentially-coordinating aryl groups, the reduction of [(DippBIAN)CoBr2] was 
also investigated in benzene. The analogous reduction of [(DippBIAN)CoBr2] with three 
equivalents of LiBEt3H in benzene furnished the neutral complex [(DippBIAN)Co(η6-C6H6)] (3) 
as dark red crystals in 64% yield.[26]  The same outcome was observed using a mixture of 
benzene and cod. The crystals obtained were of sufficient quality to be analyzed by 
single-crystal X-ray crystallography. Complex 3 crystallized in the triclinic space group P-1 
with two molecules per formula unit. The central cobalt atom is coordinated in η6-fashion by 
the benzene ligand and by the two nitrogen donor atoms. Characteristic C–C (1.433(2) Å) and 
C–N (1.3246(19) Å and 1.3224(19) Å) bond lengths of the α-diimine unit suggest a monoanionic 
BIAN ligand and a cobalt d8 configuration, which was also investigated by spectroscopic and 
theoretical methods. Unfortunately, we were not able to isolate a (BIAN)Co complex 
analogous to 1 or 3 containing an olefinic substrate as a ligand by the reaction of 
[(DippBIAN)CoBr2] with e.g. styrene.   
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Figure 7. Solid-state molecular structure of [(DippBIAN)Co(η6-C6H6)] (3) with thermal ellipsoids drawn at the 
40% probability level. Selected bond lengths [Å] and angles [°]: C7–C8 1.433(2), N1–C8 1.322(2), N2–C7 
1.325(1), N1–Co1 2.000(1), N2–Co1 2.002(1), N1–Co1–N2 81.60(5). Hydrogen atoms and n-hexane solvent 
molecule are omitted for clarity.  
 
Complex 3 is paramagnetic according to 1H NMR spectroscopy and consists of one unpaired 
electron with an effective magnetic moment (µeff = 1.9(1) µB, C6D6) as determined by the Evans 
NMR method.[27] Therefore, the complex was further characterized by EPR spectroscopy in 
toluene at room temperature and toluene glass at 20 K. The X-band spectrum of 3 at room 
temperature features eight lines, which is characteristic for a cobalt-centered radical (nuclear 
spin of 7/2 for 59Co). At 20 K the EPR spectrum shows rhombic symmetry and was simulated 
with the assumption of one unpaired electron at cobalt. The simulation is in good agreement 
with the experimental spectrum. The provided simulation allowed for accurate determination 
of the g and ACo tensors (MHz): [2.013, 2.145, 2.134] and [+185.0, +406.0, 198.4], respectively. 
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Figure 8. Simulated (blue) and experimental (grey) X-band EPR spectrum of [(DippBIAN)Co(η6-C6H6)] in 
toluene at room temperature (left: ν = 9.389121 GHz, power = 0.6325 mW, mod. amp. = 4.000 G. E = linear A 
strain) and in a toluene glass at 20 K (right: ν =9. 9.389494 GHz, microwave power = 1.002 mW, mod. amp. = 
1.000 G). Inclusion of the Euler angles [–2.0, +90.0, 0] proved to be necessary to align the g and ACo tensors 
and provided a more satisfactory simulation of the measured spectrum. Some linear and quadratic A-strain 
parameters have been included to simulate the final line shape. Some remaining slight deviations in the line 
shapes between simulation and experiment can be attributed to imperfect glass formation. 
 
Complex 3 shows one absorption in the visible range at 480 nm with an extinction 
coefficient of 14500 L mol–1 cm–1 and is correspondingly a red solution in benzene. Due 
to the presence of two potentially redox-active sites, the redox properties of 3 were of 
interest. A cyclic voltammogram recorded in THF/nBu4NPF6 shows a quasi-reversible 
wave at –2.4 V vs. Fc/Fc+ (see the SI). 
The electronic structure of the complex was also investigated by DFT methods at the 
B3LYP-D3BJ/def2-TZVP def2/J level of theory using the broken symmetry approach of 
Noodleman and co-workers,[29] which is the method of choice for such open-shell 
systems. Calculations showed that an antiferromagnetic coupling between a 
monoanionic ligand and a high-spin cobalt(I) center is present, as illustrated by the spin 
density plot shown in Figure 9. The broken symmetry solution (S = 1/2) is 5.1 kcal      
mol–1 lower in energy compared to the high-spin solution (S = 3/2). 
Analyses of the unrestricted natural orbitals (UNO) also support the assigned high-spin 
cobalt(I) configuration, and nicely show the interaction between the α-diimine ligand 
and the metal center (see the SI). Complex 3 is therefore a rare example of a high-spin 
cobalt(I) center.[30] 
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Figure 9. Spin-density plot of 3 according to Mulliken population analysis with an isosurface value of 0.01.  
The reduction of [(DippBIAN)CoBr2] with LiBEt3H was also investigated in the absence 
of coordinating olefins or arenes. From the reaction of three equivalents LiBEt3H in Et2O 
in a closed reaction vessel was isolated the structurally unusual cobalt hydride complex 
4a was isolated. Transition metal hydrides are key intermediates in many synthetic[31] 
and biological[32] processes. The largest industrial catalytic processes are hydrogenation 
reactions that operate via metal hydride species. Since the landmark studies of 
homogeneous Rh-catalyzed hydrogenations,[2] extensive knowledge on 
hydridorhodium complexes has been collected whereas very little is known about the 
nature and catalytic role of related intermediates in Co-catalyzed reactions.  
The cobalt hydride from our reaction mixture was purified by crystallization from n-heptane 
and Et2O and was isolated in 23% yield as dark green microcrystals and structurally 
characterized by single-crystal X-ray crystallography. In the solid-state, 4a is a dimeric species 
with the molecular formula [Li(thf)3(Et2O){(DippBIAN)Co}2(µ–H3)]. The closely related [Li(thf)4]+ 
solvate (4b) can be isolated in an analogous fashion by crystallization from THF/n-hexane. The 
Co–H bond distances are between 1.51(2) and 1.63(5) Å, while the twist angle between the two 
CoN2 planes is 54.94(7)°. The NCCN bond lengths of BIAN are slightly shorter than in 3 
(Figure 7; C–N: 1.333(3)–1.349(3) Å, C–C: 1.412(3)–1.419(3) Å), yet and are in good agreement 
with those found for the monoanionic BIAN ligand in the complex [(DippBIAN)2Fe] (C–N: 
1.3367(15) and 1.3393(15) Å, C–C: 1.4234(18) Å) which contains a high-spin Fe2+ center 
antiferromagnetically coupled to BIAN–.[35] Accordingly, the observed bond lengths of the 
BIAN ligands in 4 suggest a radical anion state of BIAN. The properties of the complex were 
further studied by ESI-MS (K. Koszinowksi, University of Göttingen), temperature-dependent 
NMR, SQUID measurements, and theoretical calculations. According to these additional 
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calculations which are not described in this chapter, trihydridodicobaltate anion of 4a,b is best 
described as a [{(DippBIAN)CoII}2(µ-H)3] anion.[37] 
 
Figure 10. Solid-state molecular structure of [(DippBIAN)2Co2(µ-H3)] (4a) with thermal ellipsoids drawn at the 
40% probability level. Selected bond lengths [Å] and angles [°]: N1–C5 1.339(3), N2–C1 1.333(3), C1–C5 
1.412(3), N1–Co1 1.903(2), N2–Co1 1.896(2), N3–C37 1.349(3), N4–C45 1.340(3), C37–C45 1.419(3), N3–Co2 
1.909(2), N4–Co2 1.903(2), N1–Co1–N2 83.57(9), N3–Co2–N4 84.02(9). Hydrogen atoms and cation 
[Li(thf)3(Et2O)]+ are omitted for clarity.  
 
Hydrogenation Activities of Complexes 1-4 and Mechanistic Proposal 
We evaluated the catalytic activities of the isolated cobalt complexes 1 – 4 and various pre-
catalyst mixtures in a hydrogenation model reaction (Table 2). The cobaltate complex 
[Li(thf)3.5{(DippBIAN)Co(η4-cod)}] (1) was found to be active for the hydrogenation of cod, albeit 
exhibiting slightly lower activity than the in situ formed catalyst (entry 2). Interestingly, 1 
could be further activated by addition of three equivalents of triethylborane (entry 5), which 
may indicate lewis acid-assisted catalysis.[36] The borane could facilitate the cleavage of H2 as 
demonstrated by Peters and co-workers with a borylcobalt complex.[36]a] The catalytic inactivity 
of the corresponding potassium derivative [K(thf){(DippBIAN)Co(η4-cod)}] (2, Table 2, entry 4) 
mirrors the observed alkali cation effect during our preliminary optimization experiments 
(Table 1, entries 1 and 5). One possible explanation for this effect is an attractive non-covalent 
cationπ interaction. As main electrostatic interaction, the association free enthalpy (ΔH°) for 
the alkali metals with benzene follows the trend: Li+ > Na+ > K+. Hence, the alkali cation can 
stabilize transition states or bind substrates (i.e. alkenes, arenes) in proximity to the catalyst.[18] 
Moreover, alkali metals are able to tune the redox activity of the ligand. Mazzanti and 
co-workers reported on the ligand- or metal-based reduction of cobalt salophen complexes, 
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which is dependent on the alkali metal.[18]f] The group of Holland reported reduced iron dimers 
with redox-active formazanate ligands. The dimer, which is stabilized by cationπ 
interactions, rearranged in THF solution to form a five-membered metallacycle with a 
reactivity order of Na+ > K+ < Rb+ < Cs+.[18]h] 
The neutral complex [(DippBIAN)Co(η6-C6H6)] (3) was only active for cod hydrogenation after 
additional reduction with LiBEt3H (Table 2, entry 10). Notably, the related 17 valence electron 
(VE) complex [(dppe)Co(η4-cod)] (dppe = 1,2-diphenylphosphinoethane), without a redox-
active ligand is indeed an active pre-catalyst for hydrogenations.[7]d] The hydridocobaltate 
[Li(thf)3(Et2O){(DippBIAN)Co}2(µ-H)3] (4a) showed moderate hydrogenation activity which was 
significantly enhanced by further reduction with 0.5 equiv. of LiBEt3H (entries 8 and 10). It 
may be speculated that the hydridocobaltate anion present in 4a,b (or related derivatives) acts 
as a catalyst reservoir for mononuclear hydrides as indicated by in situ NMR studies. Based 
on the collected synthetic, spectroscopic, and theoretical data, we propose a homotopic 
reaction mechanism that involves cobaltate complexes as active catalyst species. Rate 
acceleration by lewis acids and an alkali-cation effect were observed. 
 
Table 2. Hydrogenations with isolated complexes and pre-catalyst mixtures.  
 
Entry Catalyst mixture 
Yield [%] a 
        Cyclooctane Cyclooctene 
1 [(DippBIAN)CoBr2] + 9 mol% LiBEt3H 96 1 
2 [Li(thf)3.5{(DippBIAN)Co(cod)}] (1) 5 61 
3 1 + 9 mol% BEt3 66 33 
4 [K(thf){(DippBIAN)Co(cod)}] (2) - 1 
5 2 + 9 mol% BEt3 + 30 mol% LiBr 3 38 
6  4a 6 7 
7  4a + 3 mol% BEt3 22 22 
8  4a + 1.5 mol% LiBEt3H 57 43 
9 [(DippBIAN)Co(η6-C6H6)] 3 - - 
10 3 + 9 mol% LiBEt3H 4 29 
Reaction conditions: 0.2 mmol alkene, 0.1 M in THF, 3 mol% cat., 2 bar H2. a Yields determined by 
quantitative GC-FID vs. internal n-pentadecane.  




Scheme 3. Related reactivity of 1, 2, and 4b. Yields determined by quantitative GC-FID vs. internal 
n-pentadecane.  
 
The observed alkali cation effect was also evident in the more effective hydrogenation 
of the cod ligand in complexes 1 and 2 (Scheme 3, A). Preliminary explorations of the 
reactivity of relevant hydrides were performed with 4b as model compound: Protolysis 
occurred with the strong Brønsted acid HCl in dioxane to give H2 evolution (2.3 ± 0.1 
eq. H2 per dimer, see the SI). In the presence of benzaldehyde, 4b reacted to give 28% 
benzyl alcohol and 27% pinacol coupling product (Scheme 3, B). This may indicate the 
competing operation of hydride transfer and single-electron transfer processes from 4b. 
In the absence of dihydrogen, incomplete isomerization of (Z)-stilbene to (E)-stilbene 
was observed (51%, Scheme 3, C). Complex 4 also represents a plausible intermediate 
in our previously described catalytic system for amine-borane dehydrogenation and is 
indeed a catalyst for this reaction (see the SI).[15]  
 
4.3 Conclusion 
In summary, this report has established reduced cobalt complexes as competent 
catalysts in a user-friendly hydrogenation protocol for challenging alkenes under mild 
conditions. The obtained reactivity suggests bidentate BIANs as interesting alternatives 
to well-established pincer-type motifs possessing comparably high activities in cobalt-
catalyzed alkene and imine hydrogenations. Mechanistic studies revealed considerable 
alkali cation and Lewis-acid effects. Synthetic, kinetic, and spectroscopic experiments 
indicate a mechanism involving homotopic cobaltate catalysts. Catalytically relevant 
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cobalt complexes were isolated that document the redox non-innocence of the BIAN 
ligand.  
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4.5 Supporting Information 
4.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Analytical Thin-Layer Chromatography: TLC was performed using aluminum plates with 
silica gel and fluorescent indicator (Merck, 60, F254). Thin layer chromatography plates were 
visualized by exposure to ultraviolet light (366 or 254 nm). 
Column Chromatography: Flash column chromatography with silica gel 60 from KMF (0.040-
0.063 mm). Mixtures of solvents used are noted in brackets.   
Chemicals and Solvents: Solvents were purified, dried, and degassed with an MBraun SPS800 
solvent purification system. THF, diethylether were stored over molecular sieves, (3 Å). n-
Hexane was stored over a potassium mirror. 1,2-dimethoxyethane (DME) was stirred over 
K/benzophenone and stored over molecular sieves (3 Å). Commercially available olefins were 
distilled under reduced pressure before use. LiBEt3H (1 M in THF) was used as received from 
Sigma-Aldrich or diluted before use. 
Computational details: All calculations were carried out with the ORCA program 
package.[1],[2] All geometry optimizations were performed at the B3LYP-D3BJ/de2-TZVP 
def2/J[3] level of theory in the gas phase. Frequency calculations were carried out to confirm 
the nature of stationary points found by geometry optimizations. To save computational cost, 
all diisopropyl groups were replaced by methyl groups. The broken-symmetry approach of 
Noodleman and co-workers was used.[4] 
Cyclic voltammetry: Cyclic voltammetry experiments were performed in a 
single-compartment cell inside a nitrogen-filled glovebox using a CH Instruments CH1600E 
potentiostat. The cell was equipped with a platinum disc working electrode (1 mm diameter) 
polished with 0.05 µm alumina paste, a platinum wire counter electrode and a silver wire as 
pseudoreference electrode. The supporting electrolyte, tetra-n-butylammonium 
hexafluorophosphate, was dried in vacuo at 110 °C overnight. All redox potentials are 
reported versus the ferrocenium/ferrocene (Fc+/Fc) couple. The scan rate is v = 100 mV s–1 
unless stated otherwise.  
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EPR spectroscopy: The experimental X-band EPR spectrum of 3 was recorded on a Bruker 
EMX spectrometer (Bruker BioSpin Rheinstetten) equipped with a He temperature-control 
cryostat system (Oxford Instruments). The g values were calculated with the ORCA software 
package[1],[2] at the B3LYP/def2-TZVP[3] level of theory. The spectrum was analyzed and 
simulated using the W95EPR program of Prof. Frank Neese.  
Gas chromatography with FID (GC-FID): HP6890 GC-System with injector 7683B and Agilent 
7820A System. Column: HP-5, 19091J-413 (30 m × 0.32 mm × 0.25 µm), carrier gas: N2. GC-FID 
was used for reaction control and catalyst screening. Calibration with internal standard n-
pentadecane and analytically pure samples. Non-commercial authentic samples were 
prepared by hydrogenation with palladium on charcoal.  
Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network GC-
System, mass detector 5975 MS. Column: HP-5MS (30m × 0.25 mm × 0.25 µm, 5% 
phenylmethylsiloxane, carrier gas: H2. Standard heating procedure: 50 °C (2 min), 25 °C/min -
> 300 °C (5 min). 
Gas-uptake reaction monitoring: Gas-uptake was monitored with a Man On the Moon X201 
kinetic system to maintain a constant reaction pressure. The system was purged with 
hydrogen prior use. Reservoir pressure was set to about 9 bar H2. H2 consumption was related 
to final yields by GC-FID vs. n-pentadecane.  
Gas evolution measurements: Gas evolution was monitored with a Man on the Moon X103 kit. 
Manipulations were performed under inert conditions. The volume of the reaction vessel was 
determined by protic hydrolysis of different amounts of zinc. The evolved hydrogen amount 
was calculated using the ideal gas law. 
High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high 
pressure reactors (ParrTM) in 4 mL glass vials. The reactors were loaded under argon, purged 
with H2 (1 min), sealed and the internal pressure was adjusted. Hydrogen (99.9992%) was 
purchased from Linde.  
High resolution mass spectrometry (HRMS): The spectra were recorded by the Central 
Analytics Lab at the Department of Chemistry, University of Regensburg, on a MAT SSQ 710 
A from Finnigan. 
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1H- and 13C NMR-Spectroscopy: NMR spectra were recorded on Bruker Avance 300 and 
Avance 400 spectrometers at 300 K and internally referenced to residual solvent resonances. 
Magnetic moment: Magnet susceptibility χM was determined by performing a NMR 
experiment following the procedure of Evans.[5] 
Single-crystal X-ray crystallography: The single crystal X-ray diffraction data were recorded 
on an Agilent or Rigaku GV 50 with a Titan S2 CCD detector (1, 4a) and on an Agilent 
SuperNova with an Atlas CCD detector (3, [(DippBIAN)CoBr2] with microfocus Cu Kα radiation 
(λ = 1.54184 Å). Empirical multi-scan[6] and analytical absorption[7] corrections were applied to 
the data. 
In case of 4b, X-ray diffraction data was recorded on a Bruker APEX-II CCD diffractometer 
with microfocus Mo Ka radiation (λ = 0.71073 Å). Data reduction, scaling and absorption 
corrections were performed using SAINT (Bruker, V8.34A, after 2013). Multi-scan absorption 
correction was performed using SADABS-2012/1 (Bruker, 2012). 
The structures were solved with SHELXT[8] and least-square refinements on F2 were carried 
out with SHELXL.[9] 
UV-vis spectroscopy: UV-vis spectra of investigated solutions were recorded on a Varian Cary 
50 spectrophotometer in quartz cuvettes with a layer thickness of 1 cm and a concentration of 
10–4 to 10–6 mol·L–1 at room temperature.  
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4.5.2 Synthesis of Starting Materials 
DippBIAN and [K(thf){(DippBIAN)Co(η4-cod)}] (2) were synthesized according to Chapters 2,3. 
4.5.2.1 Synthesis of [(DippBIAN)CoBr2] 
[(DippBIAN)CoBr2] was synthetized according to a modified protocol of Rosa and co-workers.[10] 
 
CoBr2 (2.1 g, 9.5 mmol, 1.0 equiv.) and DippBIAN (5.0 g, 10 mmol, 1.1 equiv.) were mixed as 
solids and dissolved in 120 mL THF. An immediate color change to red occurred. The reaction 
mixture was stirred for 24 h and the solvent was removed under reduced pressure. The crude 
product was washed with 40 mL toluene, dissolved in 150 mL DCM and filtered through a 
P3-frit. After reducing the solvent to 100 mL, the concentrated solution was layered with 
70 mL n-hexane. Black needles were formed after storing at room temperature in 3 days. They 
were isolated by decanting the solvent and washing the needles with toluene (3 x 15 mL). 
These crystals were also suitable for single-crystal X-ray crystallography. 
Formula: C36H40N2CoBr2 (M = 719.47 g mol–1) 
Yield: 7.5 g (1.9 mmol, 49%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 7.40 – 6.77 (m), 4.18 (s), 3.99 (s), 3.35 (s), 1.22 (s), 
1.06 (s), –2.39 (s), –21.26 (s) 
Elemental Analysis calcd. for C36H40N2CoBr2: C 60.16, H 5.60, N 3.89; found: C 60.16, H 5.48, 
N 3.77 
4.5.3 Synthesis of Catalytically Relevant Cobalt Complexes 
4.5.3.1 Synthesis of [Li(thf){(DippBIAN)Co(η4-cod)}] (1) 
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A suspension of [(DippBIAN)CoBr2] (2.0 g, 2.8 mmol, 1.0 equiv.) was dissolved in 30 mL THF 
and 1,5-cyclooctadiene (2.0 mL, 16 mmol, 6.0 equiv.) was added to the solution. The reaction 
mixture was cooled to –30°C and a solution of LiBEt3H (1 M in THF, 8.3 mL, 3.0 equiv.) was 
added dropwise. The solution was warmed to room temperature and stirred for further 24 h. 
The solvent was removed under reduced pressure and the residue was washed with 60 mL 
n-hexane. Extraction with 80 mL diethylether and filtration led to a yellow-green solution 
which was reduced to 1/3 of its original volume and layered with 20 mL n-hexane. After a few 
days, dark crystals of 1 were obtained and isolated by decanting the solution and drying the 
dark black crystals in vacuo. For analytics and catalytic test reactions an aliquot of this product 
was recrystallized from THF/n-hexane (2.5:1) at –30 °C. 
 
Formula: C58H80N2CoLiO3.5 (M = 927.16 g mol–1) 
Yield: 0.443 g (0.48 mmol, 17%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 7.06 – 6.99 (m, 6H, CHAr), 6.24 (m, 4H, CHBIAN), 
4.93 (m, 2H, CHBIAN), 4.51 (m, 4H, CHDipp), 2.89 (m, 4H, cod-CH), 2.32 (m, 4H, cod-CH2), 1.37 
(d, 12H, CH3(Dipp), 1.03 (m, 4H, cod-CH2), 0.95 (d, 12H, CH3(Dipp)) 
13C{1H} NMR (100.6 MHz, 300 K, THF-d8) δ[ppm]: 154.6, 145.7, 127.2 123.0, 122.9, 118.9, 114.5, 
64.3, 32.9, 28.2, 26.0 (two quaternary C-atoms could not be detected due to low solubility) 
Elemental Analysis calcd. for C58H80N2CoLiO3.5: C 74.82, H 8.70, N 3.02; found: C 74.28, H 8.43, 
N 2.91 
 
4.5.3.2 Synthesis of [(DippBIAN)Co(η6-C6H6)] (3) 
 
A suspension of [(DippBIAN)CoBr2] (0.50 g, 0.70 mmol, 1.0 equiv.) in 15 mL benzene was 
reduced by dropwise addition of LiBEt3H (2.09 mmol, 1.1 M, THF) during which time a color 
change from pale brown to dark red and concomitant solubilization were observed. After 
filtration over neutral alumina, the solvent was removed under reduced pressure and 
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extracted with 30 mL hexane. Dark red crystals of 3 were grown by cooling to –35 °C (3 days), 
isolated by decanting the solution and dried in vacuo. These crystals were also suitable for 
single-crystal X-ray crystallography. 
 
Formula: C42H46N2Co (M = 637.78 g mol–1) 
Yield: 0.282 g (0.44 mmol, 64%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 7.40 – 6.77 (m), 4.18 (s), 3.99 (s), 3.35 (s), 1.22 
(s), 1.06 (s), –2.39 (s), –21.26 (s) 
Cyclic Voltammetry: E1/2 = -2.3 V vs. Fc/Fc+ in THF 
Elemental Analysis calcd. for C42H46N2Co: C 79.10, H 7.27, N 4.39; found: C 79.20, H 7.36, N 
3.77 
Magnetic Moment: µeff (C6D6) = 1.9(1) µB 
Melting point:T > 230°C: decomposition to a black oil 
UV-vis (C6H6): λmax/nm (ε/L·mol–1·cm–1) = 480 (14500) 
 
4.5.3.3 Synthesis of [(Li(thf)3(Et2O){(DippBIAN)2Co(µ-H3)}] 
 
In an argon-filled glovebox, a Schlenk flask was charged with a suspension of 
[(DippBIAN)CoBr2] (1.39 mmol) in 20 mL Et2O and sealed with a septum. After cooling to               
–35 °C, LiBEt3H (3.0 equiv., 1.1 M, THF) was added dropwise, during which time a color 
change from pale brown to dark green, effervescence and solubilization was observed. It was 
found to be very important to create an overpressure in the flask in order to obtain the product. 
After 10 minutes of stirring, 8 mL n-heptane was added and the mixture was filtered through 
a closed Schlenk frit (P4, gravitation). The filter cake was washed with hexane (3 x 2 mL), and 
Et2O (4 x 2 mL) to obtain the microcrystalline product in high purity. For the isolation of single 
crystals, n-hexane was used instead of heptane. After filtration, the crystals were grown from 
the filtrate by slow evaporation at 20 °C. [Li(thf)4{(DippBIAN)Co}2(µ-H)3] (4b) was obtained in 
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an analogous procedure: The microcrystals were recrystallized from a solution of 
THF:n-hexane = 1:1 at –35°C to obtain crystals, which are suitable for single-crystal X-ray 
diffraction analysis. 
 
Formula: C88H117N2Co2LiO4 (M = 1419.73 g mol–1) 
Yield: 0.228 g (0.16 mmol, 23%) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 8.37 – 8.32 (d, J = 8.2 Hz, 4H), 7.29 – 7.24 (d, 
J = 7.0 Hz, 4H), 6.58 (s, 12H), 6.50 (dd, J = 8.1 Hz, J = 7.0 Hz, 4H), 3.50 – 3.32 (br, 8H, CHDipp), 
0.88 (d, J = 4.61 Hz, 24H, CH3(Dipp)), 0.05 (m, 24H, CH3(Dipp)), -75.20 (s, 3H, CoHCo). 
13C{1H} NMR (100.6 MHz, 300 K, THF-d8) δ[ppm]: 169.1, 155.7, 152.4, 139.9, 134.5, 134.3, 133.8, 
127.0, 119.8, 116.1, 112.1, 27.5, 24.7 
Cyclic Voltammetry: E1/2 = –2.4 V vs. Fc/Fc+ in THF 
Elemental Analysis calcd. for C88H117N2Co2LiO4: C 74.45, H 8.31, N 3.95; found: C 74.66, H 8.29, 
N 3.82 
Magnetic Moment: µeff (C6D6) = 2.1(1) µB 
Melting point: T > 260°C: decomposition to a black oil 
UV-vis (C6H6): λmax/nm (ε/L·mol–1·cm–1) = 474 (1200) 
 
4.5.4 Single-Crystal X-ray Crystallography 
 
Figure S1. Solid-state molecular structure of [(DippBIAN)CoBr2] with thermal ellipsoids drawn at the 40% probability level. 
Selected bond lengths [Å] and angles [°]: C1–C2 1.513(7), N1–C1 1.278(5), N2–C2 1.277(7), N1–Co1 2.091(4), N2–Co1 
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Table S1. Crystallographic data of [(DippBIAN)CoBr2], 1, 3, 4a, 4b 
Compound [(DippBIAN)CoBr2] 1 2 
Empirical formula  C36H40Br2CoN2 C48H60CoLiN2O C45H53CoN2 
Formula weight  719.45 746.85 680.82 
Temperature [K]  123.0(10) 123.00(10) 123(1) 
Crystal system  monoclinic orthorhombic Triclinic 
Space group  P21/c Pmn21 P-1 
a [Å]  27.0266(7) 17.4715(2) 12.3103(3) 
b [Å]  12.0329(2) 10.54720(10) 12.6855(3) 
c [Å] 202.8033(6) 10.97630(10) 13.5302(4) 
α [°]  90 90 69.519(2) 
β [°]  113.047(3) 90 77.844(2) 
γ [°]  90 90 79.251(2) 
Volume [Å3] 6823.9(3) 2022.66(4) 1920.22(9) 
Z  8 2 2 
ρcalc [g/cm3] 1.401 1.226 1.177 
µ [mm−1] 6.871 3.600 3.731 
F(000)  2936.0 800 728.0 
Crystal size [mm3] 0.764 × 0.286 × 0.211 0.346 × 0.19 × 0.093 0.291 × 0.197 × 0.073 
 2Θ range for data collection [°] 7.108 to 147.232 8.384 to 147.308 7.062 to 133.09 
Index ranges 
-30 ≤ h ≤ 32, -14 ≤ k ≤ 13, -
21 ≤ l ≤ 28 
-21 ≤ h ≤ 21, -13 ≤ k ≤ 12, -13 
≤ l ≤ 12 
-14 ≤ h ≤ 14, -14 ≤ k ≤ 15, 
-16 ≤ l ≤ 14 
Reflections collected 24613 14345 41777 
Independent reflections 
13116 [Rint = 0.0735, Rsigma 
= 0.0749] 
3823 [Rint = 0.0328, Rsigma = 
0.0300] 
6603 [Rint = 0.0613, Rsigma 
= 0.0305] 
Data / restraints / parameters 13116/0/755 3823/1/286 6603/0/442 
Goodness-of-fit on F2 1.057 1.057 1.038 
Final R indexes [I>=2σ (I)] R1 = 0.0857, wR2 = 0.2360 R1 = 0.0307, wR2 = 0.0791 R1 = 0.0320, wR2 = 
0.0813 Final R indexes [all data] R1 = 0.0892, wR2 = 0.2404 R1 = 0.0317, wR2 = 0.0801 R1 = 0.0335, wR2 = 
0.0824 Largest diff. peak/hole [e Å−3] 1.80/-1.56 0.20/-0.41 0.23/-0.51 
Flack parameter  -0.021(3)  
CCDC- 1909828 1909827 1909829 
 
. 
Compound 4a 4b (MoKα radiation)  
Empirical formula  C90Co2H121LiN4O4.5 C92H123Co2LiN4O5   
Formula weight  1455.70 1489.74  
Temperature [K]  138.2(6) 100(1)  
Crystal system  orthorhombic monoclinic  
Space group  Pbca P21/n  
a [Å]  25.0102(2)  21.492(1)   
b [Å]  21.4146(2)  13.028(1)   
c [Å] 30.8908(3)  29.987(2)   
α [°]  90  90   
β [°]  90  101.086(1)   
γ [°]  90  90   
Volume [Å3] 16544.6(3)  8240(1)  
Z  8  4  
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ρcalc [g/cm3] 1.169 1.201  




Crystal size [mm3] 0.31 × 0.24 × 0.16 0.23 × 0.16 × 0.07  
1.291 to 2Θ range for data 
collection [°] 




Reflections collected 126831 125720  
Independent reflections 
16725 [Rint = 0.0511, Rsigma =] 20508 [Rint = 0.0433, Rsigma =]  
Data / restraints / parameters /686/1175 /1020/1478  
Goodness-of-fit on F2 1.020 1.030  
Final R indexes [I>=2σ (I)] R1 = 0.0623, wR2 = 0.1797 R1 = 0.0432, wR2 = 0.0994  
Final R indexes [all data] R1 = 0.0690, wR2 = 0.1864 R1 = 0.0650, wR2 = 0.1100  
Largest diff. peak/hole [e Å−3] 1.419/−0.609 0.604/-0.469  
CCDC- 1909830 1909831  
 
 
4.5.5 NMR Spectra 
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Figure S2. 1H NMR (400.13 MHz, 300K, THF-d8) (top) and 13C{1H} NMR spectra (100.6 MHz, 300K, THF-d8) 
(bottom) of 1. 
 
 
Figure S3. 1H NMR spectrum (400.13 MHz, 300K, THF-d8) of 2. 
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Figure S4. 1H NMR spectrum (400.13 MHz, 300K, THF-d8) of 4.  
 
 
4.5.6 UV-vis Spectra 
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4.5.7 Cyclic Voltammetry 
 
Figure S6. Cyclic voltammogram of 2 in THF/nBu4NPF6; scan rate: 100 mV s–1.  
 
 
Figure S7. Cyclic voltammogram of 4 in THF/nBu4NPF6; scan rate: 100 mV s–1.  
 
4.5.8 Catalytic Hydrogenations 
4.5.8.1 General Procedure 
Procedure A: 
In an argon-filled glovebox, a flame-dried 4 mL reaction vial was charged with 
[(DippBIAN)CoBr2] (0.006 mmol), the substrate (0.2 mmol), THF (2 mL) and n-pentadecane as 
internal reference for GC-FID quantification (0.2 mmol). The pale brown solution was reduced 
by dropwise addition of LiBEt3H (0.018 mmol, 1 M, THF) with a Hamilton syringe, during 
which time the color changed to red or brown depending on the substrate. After 10 minutes 
of stirring, the reaction vial was transferred to a high-pressure reactor which was sealed and 
removed from the glovebox. The reactor was purged with H2 (3 × 3 bar) and the reaction 
pressure and temperature were set. After the indicated reaction time, the vial was retrieved 
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and hydrolyzed with a saturated aqueous solution of NH4Cl (1 mL). The reaction mixture was 




In an argon-filled glovebox a flame-dried 4 mL reaction vial was charged with 
[(DippBIAN)CoBr2] (0.006 mmol), THF (1 mL) and n-pentadecane as internal reference for GC-
FID quantification (0.2 mmol). The resulting pale brown solution was reduced by dropwise 
addition of LiBEt3H (0.018 mmol, 1 M, THF) with a Hamilton syringe during which time the 
color changed to brown. After 10 minutes stirring, the substrate was added and the reaction 
vial was transferred to a high-pressure reactor which was sealed and removed from the 
glovebox. See procedure A for hydrogenation and work-up procedure. 
 
Method for kinetic examination in catalytic hydrogenation and poisoning experiments with 
procedure B: 
A flame-dried 10 mL two-necked flask was connected to a Man on the Moon X201 gas-uptake 
system with a reservoir pressure of 9 bar H2 and a constant reaction pressure of 1.9 bar H2. 
After purging with H2, the freshly prepared catalyst solution (reduction of [(DippBIAN)CoBr2] 
(0.006 mmol) with LiBEt3H (0.018 mmol)) was added via syringe. The recording of the H2 
uptake started with the addition of α-methylstyrene (0.2 mmol). After two minutes, the 
poisoning agent (for dct and trimethylphosphite) was added by Hamilton syringe. In the case 
of mercury, the reduced pre-catalyst was stirred over mercury for two or 30 minutes before 
addition of the substrate. After the reaction, the mixture was treated with a saturated aqueous 
solution of NH4Cl and ethyl acetate. The organic phase was separated, filtered through a plug 
of silica and analyzed by quantitative GC-FID analysis vs. internal standard (n-pentadecane). 
The monitored hydrogen consumption was related to the yield of cumene, which was 
determined by GC-FID. An induction period may be not detectable since catalyst pre-
formation, solvent saturation with H2, and alkene addition occur prior to the start of the H2 
consumption monitoring. The addition of reagents by syringe through the septum create a 
temporary leakage that would affect the H2 pressure recording. 
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4.5.8.2 Optimization studies  
Table S2. Optimization reactions using triphenylethylene as model substrate. 
 
Entry Reductant (mol%) Conditions Yield [%] 
1 HBpin (9) 20 bar H2, 60 °C, 24 h 0 (12) 
2 DiBAlH (9) As entry 1 50 (57) 
3 NaBEt3H (9) As entry 1 >99 
4 LiBEt3H (9) As entry 1 >99 
5 LiAlH4 (6) 2 bar H2, 20°C, 3 h 0 (11) 
6 HBpin (9) + KOtBu (9) As entry 5 <5 (12) 
7 K-Selectride (6) As entry 5 <5 (14) 
8 N-Selectride (6) As entry 5 <5 (14) 
9 N-Selectride (9) As entry 5 8 (15) 
10 Li-Selectride (6) As entry 5 6 (20) 
11 Li-Selectride (9) As entry 5 37 (43) 
12 NaBEt3H (6) As entry 5 23 (33) 
13 NaBEt3H (9) As entry 5 64 (65) 
14 LiBEt3H (6) As entry 5 73 (75) 
15 LiBEt3H (9) As entry 5 92 
16 LiBEt3H (12) As entry 5 78 (78) 
Conditions: 0.2 mmol (0.1 M) alkene in THF, 3 mol% DippBIANCoBr2. Yields were determined by 
quantitative GC-FID vs. internal n-pentadecane. Conversions are given in parentheses if <90%; 
Reduction in presence of the substrate (protocol A). 
 
Table S3. Hydrogenations with isolated complexes and pre-catalyst mixtures.  
 
Entry Catalyst mixture 
              Yield [%] [a] 
Cyclooctane Cyclooctene 
1b [(DippBIAN)CoBr2] + 9 mol% LiBEt3H 96 1 
2 [Li(thf)3.5{DippBIAN)Co(cod)}] (1) 5 61 
3 1 + 3.5 mol% 12-crown-4 4 44 
4 1 + 3 mol% [Fc]PF6 2 17 
5 1 + 9 mol% BEt3 66 33 
6 [K(thf){(DippBIAN)Co(cod)}] (2) - 1 
7 2 + 3 mol% [Fc]PF6 1 - 
8 2 + 30 mol% LiBr + [2.2.2]Cryptand - 2 
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9 2 + 30 mol% LiCl + 3 mol% [18]c-6 - 1 
10 2 + 9 mol% BEt3 1 1 
11 2 + 9 mol% BEt3+ 30 mol% LiBr 3 38 
12 b (4a) 6 7 
13 b 4a + 3 mol% BEt3 22 22 
14 b 4a + 1.5 mol% LiBEt3H 57 43 
15 [(DippBIAN)Co(η6-C6H6)] 3 - - 
16 c 3 + 9 mol% LiBEt3H 4 29 
Reaction conditions: 0.2 mmol alkene, 0.1 M in THF, 3 mol% cat., 2 bar H2. [a] Yields determined by 
quantitative GC-FID vs. internal n-pentadecane.  
4.5.8 Other Catalytic Reactions 
Isomerization of 1-octene  
Table S4. Isomerization of 1-octene  
 
Entry Procedure 
Octene yield [%] 
1 (E)-2 (E)-3 (E)-4 others 
1 A 3 71 22 4 0 
2 B 31 39 8 1 20 
Conditions: 0.2 mmol (0.1 M) alkene in THF, 3 mol% [(DippBIAN)CoBr2]. Yields were 
determined by rel. peak areas of GC-FID. Procedure A: Reduction in presence of 
the substrate; Procedure B: Substrate addition after reduction. 
 
Cyclotrimerization of phenylacetylene 
Table S5. Cyclotrimerization of 1-phenylacetylene 
 






1 A 20 9 38 
2 B 26 14 54 
Conditions: 0.2 mmol (0.1 M) alkene in THF, 3 mol% [(DippBIAN)CoBr2]. Yields were 
determined by rel. peak areas of GC-FID. Procedure A: Reduction in presence of the 
substrate; Procedure B: Substrate addition after reduction. 
 
Gas evolution measurement 
In an argon-filled glovebox, 4a (16.1 mg, 0.0113 mmol) was dissolved in 1.2 mL THF, 
transferred outside of the glovebox and added to the Man on the moon gas evolution 
apparatus by syringe. During the introduction of a solution of HCl in dioxane (4 M) gas 
evolution was monitored, which corresponds to 2.3 ± 0.1 eq. H2 per cobalt dimer.  
 
Figure S8. Gas evolution measurement of protolysis of 4a.   
 
Amine-borane dehydrogenation 
In an argon-filled glovebox, 4a (8.0 mg, 0.006 mmol) was dissolved in THF (0.4 mL). The 
resulting solution was added dropwise to a solution of NH3BH3 (6.4 mg, 0.22 mmol) in THF 
during which time the color changed from dark green to dark violet. After 17 h, the dark violet 
solution was filtered from the white precipitate and investigated by 11B NMR.  
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Figure S9. 11B NMR spectrum of NH3BH3 dehydrogenation catalyzed by 4a after 17 h 
(CTB = cyclotriaminoborane, CDB = cyclodiaminoborane, BCTB = H3BNH2-cyclo-B3N3H11). 
 
4.5.9 Computational Details 
a) Optimized coordinates for complex 3 
 
Co      3.373186      4.464605      3.701294 
  N       4.788301      3.658559      2.466997 
  N       5.035374      5.194126      4.637130 
  C       1.611603      5.654975      3.069253 
  H       1.611241      6.541621      2.450909 
  C       1.708954      5.775881      4.471233 
  H       1.810892      6.750922      4.926119 
  C       1.763434      4.624384      5.268043 
  H       1.907492      4.714306      6.335380 
  C       1.718913      3.350210      4.664187 
  H       1.800857      2.461795      5.274521 
  C       1.539817      3.230987      3.270110 
  H       1.512644      2.254303      2.808155 
  C       1.486834      4.382560      2.473193 
  H       1.418623      4.291213      1.398474 
  C       6.140244      4.810009      4.027312 
  C       6.006741      3.981392      2.855348 
  C       7.349500      3.680437      2.351920 
  C       8.251381      4.336164      3.235330 
  C       7.567773      5.035164      4.268763 
  C       8.315752      5.718293      5.201078 
  H       7.850727      6.267110      6.008791 
  C       9.730341      5.692697      5.087023 
  H      10.314367      6.231564      5.822913 
  C       4.459853      1.459241      1.492598 
  C       4.163394      0.681467      0.375630 
  H       4.087470     -0.393935      0.487193 
  C       3.968391      1.264503     -0.869735 
  H       3.737827      0.647388     -1.728905 
  C       4.070317      2.642737     -1.008507 
  H       3.921925      3.100769     -1.979535 
  C       4.364942      3.453251      0.085289 
  C       5.067076      5.999106      5.791868 
  C       5.000670      7.394631      5.662088 
  C       4.961442      8.172290      6.817084 
  H       4.913933      9.251150      6.724925 
  C       4.985758      7.584694      8.075339 
  H       4.953751      8.201904      8.964265 
  C       5.051495      6.201994      8.188415 
  H       5.073884      5.740115      9.168647 
  C       5.092564      5.391387      7.056352 
  C       4.692693      0.835868      2.839926 
  H       4.464911     -0.229971      2.820533 
  H       5.732053      0.956374      3.155978 
  H       4.080549      1.315611      3.606677 
  C       4.497527      4.943124     -0.058475 
  H       3.871122      5.465691      0.667696 
  H       5.523829      5.267657      0.130889 
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  C      10.383549      5.012691      4.082292 
  H      11.465753      5.020635      4.034492 
  C       9.638238      4.297718      3.104560 
  C      10.147410      3.547576      2.008815 
  H      11.217404      3.479880      1.853740 
  C       9.281725      2.909060      1.147751 
  H       9.687495      2.342287      0.318829 
  C       7.871508      2.961593      1.300223 
  H       7.234400      2.442563      0.596997 
  C       4.559912      2.850146      1.337158 
  H       4.218841      5.264274     -1.062194 
  C       4.995320      8.022119      4.296679 
  H       4.206157      7.598791      3.671364 
  H       4.851916      9.100577      4.364375 
  H       5.936063      7.834802      3.773102 
  C       5.184016      3.895703      7.169203 
  H       4.411098      3.407742      6.571457 
  H       6.142081      3.529084      6.791969 
  H       5.082716      3.576768      8.206650 
 
 
b) Broken-symmetry magnetic coupling analysis 
 
S(High-Spin) = 1.5     
<S**2>(High-Spin) = 3.8377     
<S**2>(BrokenSym) = 1.6777     
E(High-Spin) = -2805.551510 Eh 
E(BrokenSym) = -2805.559625 Eh 
E(High-Spin)-E(BrokenSym)= 0.2208 eV   1780.893 cm–1 (antiferromagnetic coupling) 
 
          --------------------------------------------------------- 
          | Spin-Hamiltonian Analysis based on H(HDvV)= -2J*SA*SB | 
    -------                                                       ----------- 
    | J(1) =    -791.51 cm–1    (from -(E[HS]-E[BS])/Smax**2)             | 
    | J(2) =    -474.90 cm–1    (from -(E[HS]-E[BS])/(Smax*(Smax+1))      | 
    | J(3) =    -824.48 cm–1    (from -(E[HS]-E[BS])/(<S**2>HS-<S**2>BS)) | 
 
 
c) Unrestricted natural orbital analysis (UNOs) 
 
             
139 (occu.: 0.022, 53% 3dyz)   138 (occu.: 0.604, 27% 3dxy, 13% 3dxz) 
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137 (occu.: 1.000, 53% 3dxz, 27% 3dxy)  136 (occu.: 1.396, 34% 3dxy, 17% 3dxz) 
 
                   
135 (occu.: 1.977, 74% 3dyz, 7% 3)  134 (occu.: 1.984, 56% 3, 19%, 3, 11% 3dyz) 
               
133 (occu.: 1.999, 68% 3 , 23% 3,)    132 (occu.: 1.999) 
Chapter 4. Cobalt-Catalyzed Hydrogenations via Cobaltate Intermediates 
145 
           
131 (occu.: 1.999, 12% 3dxz, 6% dxy)  
 
 
d) Löwdin atomic charges and spin populations 
 
   0 Co:   -0.067265    1.871502 
   1 N :    0.221837   -0.140457 
   2 N :    0.221703   -0.140591 
   3 C :   -0.123854   -0.020186 
   4 H :    0.151606    0.000039 
   5 C :   -0.108718   -0.011065 
   6 H :    0.155698    0.000122 
   7 C :   -0.108831   -0.011512 
   8 H :    0.155742    0.000115 
   9 C :   -0.124110   -0.020486 
  10 H :    0.151656    0.000032 
  11 C :   -0.108523   -0.011441 
  12 H :    0.155863    0.000118 
  13 C :   -0.108930   -0.011397 
  14 H :    0.155701    0.000119 
  15 C :   -0.149710   -0.146394 
  16 C :   -0.149668   -0.146079 
  17 C :   -0.061735   -0.007245 
  18 C :   -0.015020   -0.067397 
  19 C :   -0.061822   -0.007257 
  20 C :   -0.094820   -0.023417 
  21 H :    0.152103    0.000047 
  22 C :   -0.134242    0.006208 
  23 H :    0.142641    0.000024 
  24 C :   -0.098924   -0.031071 
  25 H :    0.142987   -0.000023 
  26 C :   -0.101963   -0.007892 
  27 C :   -0.098886   -0.030885 
  28 H :    0.142994   -0.000023 
  29 C :   -0.134248    0.006194 
  34 C :   -0.143707    0.000506 
  35 C :   -0.129247   -0.001814 
  36 H :    0.141671   -0.000312 
  37 C :   -0.153498    0.007065 
  38 H :    0.139706    0.000022 
  39 C :   -0.129218   -0.001815 
  40 H :    0.141656   -0.000309 
  41 C :   -0.143634    0.000499 
  42 C :   -0.142933   -0.014425 
  43 C :   -0.143572    0.000484 
  44 C :   -0.129250   -0.001813 
  45 H :    0.141645   -0.000308 
  46 C :   -0.153513    0.007059 
  47 H :    0.139703    0.000022 
  48 C :   -0.129240   -0.001814 
  49 H :    0.141666   -0.000313 
  50 C :   -0.143592    0.000483 
  51 C :   -0.247110   -0.001232 
  52 H :    0.122049    0.000012 
  53 H :    0.131191    0.000337 
  54 H :    0.128801   -0.000445 
  55 C :   -0.247142   -0.001264 
  56 H :    0.128627   -0.000443 
  57 H :    0.131210    0.000338 
  58 H :    0.122034    0.000000 
  59 C :   -0.247071   -0.001249 
  60 H :    0.128462   -0.000428 
  61 H :    0.122052   -0.000004 
  62 H :    0.131226    0.000335 
  63 C :   -0.247087   -0.001222 
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  30 H :    0.142642    0.000024 
  31 C :   -0.094819   -0.023237 
  32 H :    0.152113    0.000047 
  33 C :   -0.143023   -0.014395 
 
  64 H :    0.128682   -0.000435 
  65 H :    0.131188    0.000334 
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5 Heterogeneous Olefin Hydrogenation Enabled by a Nickel(–II) 
Pre-Catalyst 







T. M. Maier performed the experimental work and wrote the manuscript. S. Sandl and A. Jacobi von Wangelin 
conducted and interpreted kinetic investigations including preparation of Figure 4 and some mechanistic 
experiments (Scheme 2a,b). P. Melzl and J. Zweck recorded and analyzed TEM images (Figure 5). A. Jacobi von 
Wangelin and R. Wolf supervised and directed the project.  
 
This chapter was published in Chemistry – A European Journal as a communication: T. M. Maier, S. Sandl, P. Melzl, 
J. Zweck, A. Jacobi von Wangelin, J. J. Weigand, R. Wolf, Chem. Eur. J. 2020, 26, 6113-6117. Reproduced with 
permission from Wiley-VCH. Schemes, Figures, and text may differ from published version. 
Chapter 5. Heterogeneous Olefin Hydrogenation Enabled by a Nickel(–II) Pre-Catalyst 
150 
5.1 Introduction 
Olefin hydrogenation is of high industrial and academic importance as a key step in the 
synthesis of fine chemicals, agrochemicals, fragrances, and food additives.[1] Precious metal 
catalysts (Rh, Ir, Pt, Pd, Ru) are most widely applied due to their high activity, selectivity, 
robustness, and ease of operation.[2] Nevertheless, economic and environmental concern (in 
particular the poor crustal abundance and high cost of precious metals) have recently 
stimulated considerable interest in replacing noble metal catalysts by more abundant 3d metal 
species[3] (e.g. with Mn,[4] Fe,[5] Co[6], Ni[7]-[17]). Over the past decade, major effort has been 
devoted to the development of iron and cobalt compounds as catalysts for olefin 
hydrogenation.[5],[6] Especially noteworthy are metal complexes with tridentate pincer 
ligands.[5d],[6b] 
While these developments have been fairly recent, nickel compounds have been applied in 
technical scale hydrogenations for many decades. Raney nickel was first reported in 1927[7] 
and is still industrially used in the hardening of vegetable fats, the manufacture of vitamins, 
fragrances, and food additives as well as various arene functionalizations.[8] Nickel boride 
(obtained from NiX2 (X = OAc, Cl) and NaBH4) is an effective catalyst for olefin 
hydrogenation.[9] The development of more potent heterogeneous nickel catalysts continues to 
attract significant interest as shown by the groups of Gómez and Philippot, who reported the 
use of commercial [Ni(η4-cod)2] (cod = 1,5-cyclooctadiene) as a catalyst precursor (see Figure 1, 
A).[10],[11] Zhao and co-workers demonstrated that Ni(0) nanoparticles (NPs) in ionic liquids 
hydrogenate α,β-unsaturated carbonyl compounds at 30 bar H2.[12] In addition, well-defined 
molecular nickel catalysts have been reported. The groups of Bouwman and Hanson described 
the hydrogenation of simple olefins with homogeneous nickel catalysts.[13] Hazari and Driess 
prepared heteroleptic carbene/silylene complexes B and C, which are very active 
hydrogenation catalysts.[14],[15] Catalyst D reported by Chirik and co-workers constitutes the 
current state of the art in catalytic hydrogenations of sterically hindered tri- and 
tetra-substituted olefins.[16] The active catalyst is assembled from the combination of nickel(II) 
bis(octanoate), pinacol borane, and an α-diimine ligand. Moreover, recent reports on 
asymmetric hydrogenations of dehydroamino acids catalyzed by Ni(OAc)2 and the chiral 
ligand (S)-binapine are noteworthy.[17] 
 
Chapter 5. Heterogeneous Olefin Hydrogenation Enabled by a Nickel(–II) Pre-Catalyst 
151 
 
Figure 1. Selected Ni pre-catalysts for C=C bond hydrogenation (top). Low-valent anionic transition metal 
complexes as hydrogenation catalysts by our group (bottom). Dipp = 2,6-diisopropylphenyl. 
 
We previously investigated low-valent ferrate and cobaltate anions ([K([18]c-6)(thf)2] 
[M(η4-anthracene)2] (M = Fe, Co), and [K(thf)x{Co(η4-cod)2}] first synthesized by the groups of 
Ellis[18],[19] and Jonas[20] as catalysts in the hydrogenation of olefins, ketones, and imines.[6] These 
“quasi-naked” anionic metal species exhibited high hydrogenation activities for mono/di-
substituted C=C bonds but fared poorly for sterically hindered tri/tetra-substituted olefins. 
Due to the lability of the arene and olefin ligands, both heterogeneous and homogeneous 
mechanistic pathways are accessible, depending on the nature of the substrate. Following our 
recent development of effective olefin hydrogenations with anionic iron and cobalt catalysts[6], 
we were interested to complement these studies with the corresponding nickelate complex 
[Li2(thf)4{Ni(η2-cod)(η4-cod)}] (1).[21] This compound was first synthesized by Jonas and 
co-workers by reduction of the commercially available [Ni(η4-cod)2]  with Li metal. 1 was only 
very recently structurally characterized by Cornella and co-workers, who also reported that 1 
effectively catalyzes Kumada-Corriu cross coupling reactions.[22] Herein, we show that 1 is a 
pre-catalyst for the hydrogenation of hindered olefins. We provide solid mechanistic evidence 
that suggests the in situ formation of highly-active Ni particles.  
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5.2 Results and Discussion 
Initial optimization experiments were performed using triphenylethylene as model substrate. 
Most importantly, the ate-complex 1 showed significantly higher activity in comparison with 
its oxidized counterpart [Ni(η4-cod)2].[23] With [Ni(η4-cod)2] only a yield of 36% was achieved 
within 15 h, whereas full conversion to triphenylethane was observed with 1 (Scheme 1). The 
same applies for 1-phenyl-1-cyclohexene. No conversion was observed using [Ni(η4-cod)2], 
while 74% conversion were observed with 1. The optimized conditions for triphenylethylene 
are 1 mol% pre-catalyst 1, a reaction time of 15 h, and 5 bar H2 at ambient temperature in 
1,2-dimethoxyethane (DME) (Table 1, entries 1-3). The reaction was incomplete after 15 h, 
when the pressure was decreased to 1.9 bar (Table 1, entry 4). 
 
Scheme 1. Comparison of lithium nickelate 1 and [Ni(η4-cod)2] as pre-catalysts in the hydrogenation of 
triphenylethylene in DME. Yields were determined by quantitative GC-FID vs. internal n-pentadecane. 
 




Entry Catalyst Solvent [mL] p (H2) [bar] Yield (Conversion) 
[%] 
     
1 1 THF (0.50) 5.0 81 (82) 
2 1 DME (0.50) 5.0 97 (98) 
3 1 DME (0.25) 5.0 99 (>99) 
4 1 DME (0.25) 1.9 72 (74) 
5 1+ exc. Hg[c] DME (0.25) 5.0 2 (5) 
6 1+ dct[d] DME (0.25) 5.0 92 (>99) 
[a] Standard conditions: Substrate (0.2 mmol), 25 °C, 15 h. Yields and conversions were determined by 
quantitative GC-FID vs. internal n-pentadecane. [b] 1 mol%. catalyst. [c] Large excess of Hg (one drop, 50 mg, 
0.25 mmol, 125 equiv.). [d] dct (dibenzo[a,e]cyclooctatetraene; 0.8 mg 0.004 mmol, 2.0 equiv. per [Ni]), 21 h 
 
Under these optimized conditions, linear α-olefins (trans-4-octene, allylbenzene) and even 
sterically hindered olefins such as diphenylethylenes, 1-phenyl-1-cyclohexene, and 
1,5-cyclooctadiene were successfully hydrogenated (Figure 2). Myrcene was converted to 
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2,6-dimethyloctane after 20 h; α-pinene and (R)-limonene were hydrogenated under relatively 
mild conditions (>80% conversion at 50-60 °C). Cinnamic acid (C=C, C=O) and benzonitrile 
(C≡N) remained untouched under the standard conditions. Note that catalytic amounts of 
benzonitrile (5 equiv. per [Ni]) also prevented triphenylethylene hydrogenation (vide infra and 
see the SI, Table S9). Pre-catalyst 1 is not competent for the hydrogenation of polyaromatic 
substrates, e.g. anthracene, naphthalene, and quinolines. 
 
 
Figure 2. Hydrogenation of olefins with 1 (1 mol%). Standard conditions: 5 bar H2, 25 °C, 18 h, substrate 
(0.2 mmol), DME (0.25 mL). Yields and conversions (conv.) were determined by quantitative GC-FID vs. 
internal n-pentadecane Isolated products (isol.) from 1.0 mmol scales (1.25 mL DME). [a] 16 h, 50 °C, 50 bar 
H2, DME (0.5 mL). [b] 20 h. [c] 60 °C, 25 bar H2. 
 
Previous reports on nickel-catalyzed hydrogenation of olefins have barely addressed 
functional group compatibility.[7]-[16] We extended this protocol to olefinic alcohols, which are 
often found in bioactive molecules. Gratifyingly, olefins with phenolic as well as primary and 
secondary aliphatic hydroxyl functions were cleanly hydrogenated. Halogen atoms were 
partially tolerated. The C=C-hydrogenation of α,β-unsaturated lactones (coumarin) and esters 
(ethyl cinnamate) exhibited high chemoselectivities. A brief comparison of the catalytic 
activity of 1 vs. related anionic metalate pre-catalysts revealed that bis(η4-anthracene) ferrate 
and bis(η4-anthracene) cobaltate (E, Figure 1) required harsher conditions (60 °C, 2-10 bar H2, 
24 h) than 1 for the hydrogenation of α-methylstyrene and 2-octene.[6] Bis(η4-cyclooctadiene) 
cobaltate (F) exhibited low functional group tolerance. However, it should be noted that the 
anions E and F were effective catalysts in the hydrogenation of ketones and imines.[6g]  




Figure 3. Hydrogenation of functionalized olefins using 1 (1 mol%). Standard conditions: 5 bar H2, 25 °C, 
18 h, substrate 0.2 mmol, DME (0.25 mL). Yields were determined by quantitative GC-FID vs. internal 
n-pentadecane if not stated otherwise. Conversions are given in parentheses. Isolated products (isol.) were 
obtained from reactions performed on a 1.0 mmol scale in 1.25 mL DME. [a] 5 mol% 1. 
 
Pre-catalyst 1 is also comparable to related Ni complexes C  and D developed by Driess and 
Chirik, respectively (see Figure 1 and additionally Tables S2 and S3 of the SI).[14],[16] It was 
reported that catalyst C enables the complete hydrogenation of 1-octene using 1 bar H2 and 
1.5 mol% catalyst. In comparison, 1 only gives a slightly poorer yield (86%) under the same 
conditions. Moreover, a similar turnover number and reaction time was observed for D and 1 
for the hydrogenation of 1-phenyl-1-cyclohexene with H2 (4 bar) and 0.4 mol% Ni catalyst at 
50 °C (see the SI for details). Nonetheless, catalyst D inarguably is superior in the 
hydrogenation of highly challenging substrates such as tetra-substituted alkenes.[16] 
In order to study the nature of the catalytic process, simple reaction progress analyses of 1-
octene, 2-(E)-octene, and α-methylstyrene were performed at 1.9 bar H2 and ambient 
temperature using catalyst 1 (1 mol%, see the SI for details). The monitoring experiments 
revealed significant induction periods and sigmoidal behaviors, which are indicative for slow 
catalyst formation and nucleation to heterogeneous species (Figure 4).[6] From these 
experiments, a turnover frequency (TOF) of 601 h–1 can be approximated for the hydrogenation 
of 1-octene at low conversion (see the SI for details), while estimated TOFs are expectedly 
lower for the secondary olefins 2-octene (103 h–1) and α-methylstyrene (287 h–1). Note that the 








Figure 4. Reaction profiles of the olefin hydrogenations using 1. Conditions: Substrate (0.2 mmol), DME 
(0.25 mL), 1.9 bar H2, 25 °C. Yields determined by H2 consumption, quantitative GC-FID vs. internal 
n-pentadecane. 
 
The formation of heterogeneous species formed from the reaction of 1 and 1-phenyl-1-
cyclohexene under an H2 atmosphere was investigated by transmission electron microscopy 
(TEM, Figure 5). Particles of 10-15 nm diameter were observed alongside a few larger particles.  
 
Figure 5. TEM images of particles formed in the hydrogenation of 1-phenyl-1-cyclohexene with 1 (particles 
highlighted with red circles vs. carbon film support).  
 
Poisoning experiments were performed to corroborate the proposed heterotopic nature of the 
active catalyst.[25] Addition of excess amounts of mercury led to complete catalyst inhibition in 
hydrogenations with 1 (Table 1, entry 5).[6],[23] In contrast, the product yield was hardly affected 
by the presence of two equivalents of dibenzo[a,e]cyclooctatetraene (dct) per nickel atom (see 
Table 1, entry 6).[25] In addition, benzonitrile (5 equiv. per Ni atom) is an efficient catalyst 
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poison, while naphthalene only has a very minor inhibiting effect (see the SI for details). In 
sum, these results strongly suggest that a heterotopic catalyst is operating. 
Further mechanistic experiments were performed with the pre-catalyst 1 under reaction 
conditions: The rapid color change (orange to black) that was observed when treating a 
solution of 1-octene in DME with catalytic amounts of 1 under H2 may indicate nanoparticle 
formation (Scheme 2a). Isomerization of allylbenzene to 1-propenylbenzene (55%) using 1 
(1 mol%) proceeded in the absence of dihydrogen. Minor amounts of the ring-opening product 
(18%) were detected in the hydrogenation of α-cyclopropylstyrene (Scheme 2b).[26] 1H NMR 
spectra of 1 and triphenylethylene in the absence of dihydrogen indicated the operation of 
rapid two-electron transfer from 1. The resulting deep purple solution (λmax = 511 nm, see the 
SI, Figure S39) showed the characteristic signals of [Ni(η4-cod)2] (Scheme 2c). Aqueous work-
up afforded significant amounts of triphenylethane (see the SI). The cyclic voltammogram of 
the postulated triphenylethylene-dianion exhibited one irreversible reduction peak at –2.9 V 
vs. Fc/Fc+ in THF and DME (see the SI, Figures S35, S36). This species was already detected in 
literature.[27] Surprisingly, the rate of hydrogenation of triphenylethylene by [Ni(η4-cod)2] is 
significantly slower than with 1. Deuterium experiments were performed to distinguish 
between H atom transfer (HAT) and ionic reactions (Scheme 2c, 2d). Reaction of 1 and 
triphenylethylene in THF-d8 led to no incorporation of D atoms after aqueous work-up. The 
same reaction in THF and subsequent work-up with D2O furnished the formation of 
triphenylethane-d2 (GC-MS, 1H NMR and 2H NMR spectroscopy). These data strongly support 
an ionic mechanism. No electron transfer appeared to operate in reactions between 1 and 
1-dodecene as no [Ni(η4-cod)2] was observed but rather olefin isomerization products 
(Scheme 2e). In summary, the preliminary mechanistic data may suggest an electron-transfer 
initiation of the catalytic mechanism with reduction-sensitive substrates. Nonetheless, further 
mechanistic investigations are required to conclusively clarify the catalyst activation 
mechanism.  
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Scheme 2. Mechanistic experiments. a) Nanoparticle formation in the hydrogenation of 1-octene. b) 
Ring-opening of radical probe. c) Protonation and d) Deuteration of dianionic intermediate from electron 
transfer with triphenylethylene. e) Catalytic isomerization of 1-dodecene. 
 
5.3 Conclusion 
In conclusion, we have shown that dilithiumbis(1,5-cyclooctadiene) nickelate (1) is a 
promising pre-catalyst for the hydrogenation of sterically hindered olefins. The catalytic 
hydrogenation operates under very mild conditions (5 bar H2, 25 °C, DME as solvent). This 
work complements earlier studies of catalytic applications of “quasi-naked” base metal anions 
to olefin hydrogenations. The nickelate 1 exhibited higher catalytic activities than the related 
arene metalates (E and F), yet 1 was compatible with several functional groups (OH, esters, 
halides). Key mechanistic studies including reaction progress analyses, stoichiometric 
reactions, poisoning experiments, and transmission electron microscopy were conducted. 
These investigations support the notion of catalytically active nickel nanoparticles being 
operative under the reaction conditions. The catalyst formation from 1 is substrate-dependent 
and involves electron transfer reactions with reducible olefins (e.g. triphenylethylene). This 
first catalytic application of a stabilized nickelate anion to olefin hydrogenation provides a 
firm basis for further investigations into the role of highly reduced, anionic metal catalysts as 
key intermediates in reductive transformations.  
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5.5 Supporting Information 
5.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Analytical Thin-Layer Chromatography: TLC was performed using aluminum plates with 
silica gel and fluorescent indicator (Macherey-Nagel, 60, UV254). Thin layer chromatography 
plates were visualized by exposure to UV light (366 or 254 nm).  
Chemicals and Solvents: Solvents were dried and degassed with an MBraun SPS800 
solvent-purification system. THF, diethylether were stored over molecular sieves (3 Å). 
n-hexane was stored over a potassium mirror. 1,2-dimethoxyethane was stirred over 
K/benzophenone, distilled and stored over molecular sieves (3 Å). Commercially available 
olefins were purified by distillation (Kugelrohr) and in case of liquids dried over molecular 
sieves (3 Å). [Ni(η4-cod)2] was obtained from Sigma-Aldrich and used without further 
purification.  
Cyclic Voltammetry: Cyclic Voltammetry experiments were performed in a 
single-compartment cell inside a nitrogen-filled glovebox using a CH Instruments CH1600E 
potentiostat. The cell was equipped with a platinum disc working electrode (2 mm diameter) 
polished with 0.05 µm alumina paste, a platinum wire counter electrode and an Ag/AgNO3 
reference electrode. The supporting electrolyte, tetra-n-butylammonium 
hexafluorophosphate, was dried in vacuo at 110°C for three days. All redox potentials are 
reported vs. the ferrocenium/ferrocene (Fc+/Fc) couple. 
Column Chromatography: Flash column chromatography with silica gel 60 from Sigma 
Aldrich (63 – 200 µm). Mixture of solvents used are described vide infra. 
High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high 
pressure reactors (ParrTM) in 4 mL glass vials. The reactors were loaded under argon, purged 
with hydrogen, sealed and the internal pressure was adjusted. Hydrogen (99.9992%) was 
purchased from Linde. 
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NMR spectroscopy: 1H and 13C{1H} NMR spectra in solutions were recorded on Bruker Avance 
300 (300 MHz) and BrukerAvance 400 (400 MHz) if not stated otherwise. These chemical shifts 
are given relative to solvents resonances in the tetramethylsilane scale. The following 
abbreviations have been used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, 
sept = septet, m = multiplet, dd = doublet of doublet, dt = doublet of triplet.  
Gas chromatography with FID (GC-FID): Shimadzu GC2025. Carrier gas: H2. Colum: Restek 
Rxi®-5Sil-MS, (30m x 0.25 mm x 0.25 µm) Carrier gas: H2. Standard heating procedure: 50°C 
(2 min), 25 °C/min  280 °C (5 min). Calibration of substrates and products was performed 
with internal n-pentadecane and analytically pure samples. 
Gas chromatography with mass-selective detector (GC-MS): Agilent 7820A GC system, mass 
detector 5977B. Carrier gas: H2. Column: HP-5MS (30m x 0.25 mm x 0.25 µm). Standard 
heating procedure: 50 °C  300 °C.  
Transmission electron microscopy (TEM): The particles were imaged in a FEI Tecnai F30 ST 
Regensburg special transmission electron microscope, equipped with a field emission gun 
operated at 300 kV and a super twin lens, capable of a resolution of 0.19 nm. 
UV-vis spectroscopy: UV-vis spectra were recorded on an Ocean Optics Flame spectrometer 
(Varian Cary 50 Spectrophometer) in a Quartz cuvette with a layer thickness of 1 cm at room 
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5.5.2 Synthesis of Pre-catalyst 
The procedure for the synthesis of [Li2(thf)4{Ni(η4-cod)(η2-cod)}] (1) was adapted from Jonas 










[Ni(η4-cod)2] (1.0 g, 3.6 mmol, 1.0 equiv.) was mixed with lithium metal (0.09 mg, 13.0 mmol, 
3.6 equiv.). A cooled (0 °C) THF solution was added and the suspension was stirred for seven 
hours under exclusion of light until no solid [Ni(η4-cod)2] was left. After filtration, the orange 
solution was concentrated to 8 mL and layered with diethylether in a 1:2 ratio. Dark-orange 
crystals of [Li2(thf)4{Ni(η4-cod)(η2-cod)}] formed after storage of the solution at –35 °C 
overnight. The crystals were isolated by decantation and dried in vacuo at –30 °C. The complex 
was stored under argon at –35°C. The 1H NMR spectrum in THF-d8 at room temperature is in 
accordance with the spectrum described in literature.[2]  
Yield: 1.12 g, (1.94 mmol, 53%) 
Chemical formula: Li2NiC16H24 ·(C4H8O)4 (M = 577.37 g mol–1) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 2.28 (br s), 2.05 (br d), 2.03 (br s), 1.68 (br s).  
 
Figure S1. 1H NMR spectrum (400.13 MHz, 300 K, THF-d8) of 1.  
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5.5.3 Hydrogenation Reactions 
5.5.3.1 General Procedure 
In an argon-filled glovebox, a flame-dried 4 mL reaction vial was charged with the substrate 
(0.2 mmol) and n-pentadecane (20 µL) as internal reference for GC-FID quantification. The 
catalyst was added as a solution in DME, if not stated otherwise. The reaction vessel was 
transferred to a high-pressure reactor, which was sealed and removed from the glovebox. The 
reactor was purged with hydrogen gas (three times) and the reaction pressure and 
temperature were set. After the indicated reaction time, the vial was retrieved, and the reaction 
mixture was hydrolyzed with a saturated aqueous solution of NH4Cl and diluted with ethyl 
acetate. An aliquot of the organic phase was filtered over a pad of silica, which was washed 
with ethyl acetate. The solution was analyzed by GC-FID and GC-MS. After the end of the 
reaction the crude mixture was filtered over silica and the product isolated by solvent 
evaporation. 












Table S1. Optimization of reaction conditions. 
Entry Catalyst[a] Solvent [mL] p (H2) 
[bar] 
T [°C] T [h] Yield (Conversion) 
[%][d] 
       
1 1[b] THF (1 mL) 10 25 5 97 (100) 
2 1 THF (0.5 mL) 5 25 15 81 (82) 
3 1 DME (0.5 mL) 5 25 15 97 (98) 
4 1 DME (0.25 mL) 5 25 15 99 (100) 
5 1 DME (0.25 mL) 1.9 25 15 72 (74) 
6 [Ni(η4-cod)2] THF (0.5 mL) 5 25 15 22 (26) 
7 [Ni(η4-cod)2] DME (0.5 mL) 5 25 15 36 (38) 
8 1 + Hg[c] DME (0.5 mL) 5 25 15 2 (5) 
[a] 1 mol%, if not stated otherwise. [b] 5 mol%. [c] Addition of an excess mercury (50 mg, 0.025 mmol, 
125 equiv.) before the hydrogenation was started. [d] Yields and conversions determined by quantitative GC-
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5.5.3.3 Comparative Experiments 
a) P. J. Chirik and co-workers.[16] 
Hydrogenation with Ni(OAc)2 (1 equiv.) and HBPin (4 equiv.) 
Table S2. Hydrogenation of 1-Ph-1-cycloxhexene. Yields were determined by GC-FID 
analysis. 
Entry Substrate Conditions Yield (Lit.) 
[%] 
Yield (1)   
[%] 
1 1-Ph-1-cyclohexene 4 bar H2, 0.4 mol%, 50 °C, 3 h >98 >99 (after 2h) 
 
Determination of the turnover frequency (TOF): 
1-Phenyl-1-cyclohexene (catalyst 1): t = 2 h, 0.4 mol% Ni, 4 bar H2, 50°C; TOF = 125 h-1;  
1-Phenyl-1-cyclohexene (catalyst D, ref. [16]): t = 3 h, 0.4 mol% Ni, 4 bar H2, 50°C; TOF = 82.5 h-1 
 
b) M. Driess and co-workers.[4] 
Hydrogenation with a nickel-silylene complex 
Table S3. Hydrogenation of 1-octene. Yields were determined by GC-FID analysis. 
Entry Substrate Conditions Yield (Lit.) 
[%] 
Yield (Using 1) 
[%] 
1 1-octene 1 bar H2, 1.5 mol%, 25 °C, 24 h >99 86 [a] 
[a]: Full conversion using catalyst 1. 
 
c) Unsupported [Ni(η4-cod)2] 
Table S4. Hydrogenation of several C=C bonds. Yields were determined by GC-FID analysis. 
Entry Substrate Conditions[a] Yield ([Ni(η4-cod)2]) 
[%] 
Yield (Using 1) 
[%] 
1 triphenylethylene 15 h 36 99 
2 1-dodecene 30 min 90 90 
3 1-Ph-1-cyclohexene 4 h 0 74 
[a] 5 bar H2, 1 mol%, 25 °C 
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C15H16 196.29 g mol–1 
colorless liquid 
Yield 191.8 mg (0.97 mmol, 97%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.36–7.21 (m, 8H, CHAr), 7.16–7.14 
(m, 2H, CHAr), 3.10 – 2.99 (m, 2H, CH2), 2.86 – 2.81 (m, 1H, CH), 1.31 
(d, J = 6.8 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 147.1, 140.9, 129.3, 128.4, 128.2, 
127.1, 126.1, 125.9, 45.2, 42.0, 21.2 
GC-MS tR = 9.46 min, (EI, 70 eV): m/z = 196.1 [M+] 





C16H18 210.32 g mol–1 
colorless liquid 
Yield 208 mg (0.99 mmol, 99%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.48 – 7.26 (m, 10H, CHAr), 2.76 (br 
s, 4H, CH2), 1.80 (br s, 4H, CH2) 
13C{1H} NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 142.7, 128.6, 128.5, 128.4, 128.4, 
125.8, 35.9, 31.2 
GC-MS tR = 11.00 min, (EI, 70 eV): m/z = 210.2 [M+] 
Analytical data were in full agreement with those published by Weix and co-workers.[6] 





C10H18 138.25 g mol–1 
colorless liquid 
Yield 107 mg (0.77 mmol, 79%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 2.31 (m, 1H), 2.13 (1H), 2.00 – 1.60 
(m, 5H), 1.47 – 1.30 (m, 1H), 1.19 (br s, 3H), 1.01 (m, 2H), 0.88 – 0.82 (m, 
2H) 
13C{1H} NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: main isomer: 48.1, 41.4, 38.8, 36.0, 
34.0, 28.3, 26.6, 23.9, 23.2, 22.9; minor isomer: 47.7, 40.9, 39.5, 29.4, 26.9, 
26.7, 24.6, 24.0, 23.0, 21.6, 20.1 
GC-MS tR = two isomers 3.87 min (16.5%), 4.00 min (83.5%) (EI, 70 eV): m/z = 
138.1 [M+] 
Analytical data were in full agreement with a sample obtained from Sigma-Aldrich. 
 
 
2-methoxy-4-propylphenol (from eugenol) 
 C10H14O2 166.22 g mol–1 
colorless liquid 
Yield 163 mg (0.99 mmol, 99%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 6.86 (d, J = 7.8 Hz, 1H, CHAr), 6.70 
(d, J = 7.9 Hz, 2H, CHAr), 5.58 (br s, 1H, OH), 3.89 (s, 3H, O-CH3), 2.55 
(t, 7.6 Hz, 2H, CH2), 1.65 (m, 2H, CH2), 0.97 (m, 3H, CH3) 
13C{1H} NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 146.4, 143.6, 134.7, 121.0, 114.2, 
111.1, 55.9, 37.8, 24.9, 13.8 
GC-MS tR = 7.86 min, (EI, 70 eV): m/z = 166.1 [M+] 
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2-methoxy-4-propylphenol (from isoeugenol) 
 C10H14O2 166.22 g mol–1 
colorless liquid 
Yield 136 mg (0.83 mmol, 83%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 6.85 (d, J = 7.8 Hz, 1H, CHAr), 6.69 
(d, J = 7.9 Hz, 2H, CHAr), 5.52 (br s, 1H, OH), 3.89 (s, 3H, O-CH3), 2.54 
(t, 7.6 Hz, 2H, CH2), 1.65 (m, 2H, CH2), 0.96 ((t, 7.3 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 146.3, 143.6, 134.7, 121.0, 114.1, 
111.1, 55.9, 37.8, 24.9, 13.8 
GC-MS tR = 7.86 min, (EI, 70 eV): m/z = 166.1 [M+] 
Analytical data were in full agreement with those published by Minnaard and co-workers.[7] 
 
2-isopropyl-5-methylcyclohexan-1-ol 
 C10H20O 156.27 g mol–1 
colorless liquid 
Yield 155.5 mg (0.99 mmol, 99%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 3.36 (s, 1H, OH), 2.16 (m, 1H), 1.93 
(m, 1H), 1.70 – 1.47 (m, 4H), 1.39 (m, br s, 1H), 1.11 (m, 1H), 1.00 – 0.75 
(m, 13H) 
13C{1H} NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: mixture of isomers: 71.8, 71.5, 67.9, 
67.7, 50.1, 48.0, 45.1, 42.6, 40.1, 39.1, 35.1, 34.6, 31.7, 30.5, 29.2, 27.6, 25.8, 
25.8, 24.2, 23.2, 22.4, 22.2, 21.2, 21.1, 21.0, 20.8, 20.0, 19.6, 18.1, 16.1 
GC-MS tR = four isomers: 5.93 min (24%), 6.01 min (64%), 6.12 min (4%), 6.17 
min (8%), (EI, 70 eV): m/z = 154.2 [M+] 
Analytical data were in agreement with those published by Krempner and co-workers.[8] 




 C10H22O 158.29 g mol–1 
colorless liquid 
Yield 153.3 mg (0.97 mmol, 97%) 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 3.71 – 3.60 (m, 2H), 1.71 (br s, 1H, 
OH), 1.64 – 1.45 (m, 3H), 1.40 – 1.20 (m , 4H), 1.18 – 1.05 (m, 3H), 0.89 – 
0.82 (m, 9H) 
13C{1H} NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 61.1, 40.0, 39.3, 37.4, 29.5, 28.0, 24.7, 
22.7, 22.6, 19.6 
GC-MS tR = 6.19 min, (EI, 70 eV): m/z = 140.1 [M+] 
Analytical data were in full agreement with those published by Pilkington and co-workers.[5] 
 
5.5.3.5 NMR spectra 
Figure S2. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 1,2-diphenylbutane. 
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Figure S3. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 1,2-diphenylbutane. 
 
Figure S4. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 1,4-diphenylbutane. 
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Figure S5. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 1,4-diphenylbutane. 
 
Figure S6. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of pinane; small signals of residual solvent: 3.55, 
3.40 (DME). 
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Figure S7. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of pinane; small signals of residual solvent: 72.6, 
58.7 (DME). 
 
Figure S8. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 2-methoxy-4-propylphenol; small signals of 
residual solvent: 3.55, 3.40 (DME). 
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Figure S9. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 2-methoxy-4-propylphenol; small signals of 
residual solvent: 72.6, 58.7 (DME). 
 
 
Figure S10. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 2-methoxy-4-propylphenol; small signals of 
residual solvent: 3.55, 3.40 (DME). 
Chapter 5. Heterogeneous Olefin Hydrogenation Enabled by a Nickel(–II) Pre-Catalyst 
173 
 
Figure S11. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 2-methoxy-4-propylphenol; small signals of 
residual solvent: 72.6, 58.7 (DME). 
 
Figure S12. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 2-isopropyl-5-methylcyclohexan-1-ol; small 
signals of residual solvent: 3.55, 3.40 (DME). 
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Figure S13. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 2-isopropyl-5-methylcyclohexan-1-ol; small 
signals of residual solvent: 72.6, 58.7 (DME). 
 
Figure S14. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 3,7-dimethyloctan-1-ol; small signals of 
residual solvent: 3.55, 3.40 (DME). 
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Figure S15. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 3,7-dimethyloctan-1-ol; small signals of 
residual solvent: 72.6, 58.7 (DME). 
5.5.3.6 GC-FID Analyses 
For the substrates myrcene, α-pinene, and (R)-limonene the peak area of the substrate and the 
corresponding products in the chromatogram (GC-FID) were compared in order to estimate 
the yield and conversion. Peak at 5.82 min corresponds to the internal standard n-pentadecane.  
 
a) Myrcene 
Figure S16. GC-FID chromatogram of the hydrogenation of myrcene using catalyst 1. 
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Table S5. Analysis of the GC-FID chromatogram of the hydrogenation of myrcene.  
Retention time 
[min] 
Assignment Peak area Relative peak area 
[%] 
    
2.477 2,6-dimethyloctane 972490 91 
2.786 Isomer with one C=C bond 48166 4 




Figure S17. GC-FID chromatogram of the hydrogenation of α-pinene using catalyst 1. 
 
Table S6. Analysis of the GC-FID chromatogram of the hydrogenation of α-pinene. 
Retention time 
[min] 
Assignment Peak area Relative peak area 
[%] 
    
2.791 α-pinene 240603 16 
2.882 pinane 75076 5 












Figure S18. GC-FID chromatogram of the hydrogenation of (R)-limonene using catalyst 1. 
 
Table S7. Analysis of the GC-FID chromatogram of the hydrogenation of (R)-limonene.. 
Retention 
time [min] 
Assignment Peak area Relative peak 
area [%] 
2.502 1-isopropyl-4-methylcyclohexane 732649 54 
2.741 1-isopropyl-4-methylcyclohexane 535522 38 
3.076 Isomer with one C=C bond 129610 9 
 
5.5.4 Mechanistic Investigations 
5.5.4.1 Catalytic Experiments 
5.5.4.1.1 Isomerization of Olefins 
a) Isomerization of allylbenzene 
 
1 (1 mol%)
24 h, 25 °C, DME
55%  
Allylbenzene (26.5 µL, 0.2 mmol, 1.0 equiv.) was stirred for one day with a solution of 1 
(1.2 mg, 0.002 mmol, 0.01 equiv.) in 0.25 mL DME and 20 L n-pentadecane as internal reference 
and analyzed by GC-FID and GC-MS after work-up (see the general information, chapter 3.1). 
According to GC-FID, 55% of allylbenzene isomerized to 1-propenylbenzene.  
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b) Isomerization of 1-octene 
1 (1 mol%)
24 h, 25 °C, DME
mixture of 1-, 2-, 3-, and 4-octene
 
1-Octene (31.5 µL, 0.2 mmol, 1.0 equiv.) was stirred for one day with a solution of 1 (1.2 mg, 
0.002 mmol, 0.01 equiv.) in 0.2 mL DME and 20 L n-pentadecane as internal reference and 
analyzed by GC-FID and GC-MS after work-up (see the general information, chapter 3.1). 
1-Octene, as well as 2-,3-, and 4-octene were observed.  
The GC-FID spectrum and the corresponding peak table are depicted in Figure S19 and 
Table S8. The assignment of to the signals from 1.945 – 2.067 min being internal octenes was 
proven by GC-MS (m/z = 112) as well.  
 
Figure S19. GC-FID chromatogram of the isomerization of 1-octene using catalyst 1. 
 
Table S8. Analysis of the GC-FID chromatogram of the isomerization of 1-octene. 
Retention time 
[min] 
Assignment Peak area 
   
1.870 1-octene 1188125 
1.945 Internal octene 249948 
1.994 Internal octene 494294 
2.067 Internal octene 402791 
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5.5.4.1.2 Ring-Opening Experiment with α-Cyclopropylstyrene 
The hydrogenation reaction was performed according to the general procedure (chapter 3.1). 
1 (2 mol%)
Ph Ph









100% conversion 1.00 : 0.22  
 
 
Figure S20. 1H NMR spectrum (300 MHz, 300 K, CDCl3) of the product mixture from the hydrogenation of 
α-cyclopropylstyrene using catalyst 1.  
5.5.4.1.3 Kinetic Investigations 
Catalyst 1 (5.8 mg, 10 µmol, 3 mol%) was dissolved in DME (0.25 mL) and the alkene 
(0.2 mmol, 1.0 equiv.) was added, during which the color changed from orange to red in case 
of α-methylstyrene (no color change was observed for the octenes). The mixture was injected 
by syringe to a flame-dried 10 mL two-necked flask, which was connected to a Man on the 
Moon X201 gas uptake system (9 bar H2, reservoir pressure 1.9 bar H2 pressure). The hydrogen 
uptake started with the addition of catalyst/substrate. After the reaction, the mixture was 
treated with a saturated aqueous solution of NH4Cl and ethyl acetate. The organic phases were 
dried over MgSO4 and analyzed by quantitative GC-FID analysis vs. internal standard 
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(n-pentadecane). The monitored hydrogen consumption is related to the yield of product, 
which was determined by GC FID. 
During the reaction, the dark red color slowly changed to black accompanied by formation of 
a black precipitate in case of α-methylstyrene. The color of the related octene/catalyst mixture 
immediately changed to black accompanied by formation of a black precipitate. This 
observation further supports an electron transfer to styrenic substrates, which is not observed 
for octenes (see main text, Figure 5, III). The formation of the precipitate under hydrogen 
atmosphere presumably accounts for the formation of nanoparticles.  
 
 
Figure S21. Selected pictures from the reaction mixture after addition of the catalyst to the flask. Left: 1-octene 
as substrate. Right: α-methylstyrene as substrate 
 
Determination of turnover frequencies (TOFs) for selected reactions: 
General procedure: The TOFs were determined from reaction progress analyses (see Figure 4 
of the manuscript) by analysing the slope of a selected part of the reaction time profile showing 
a linear ascent. Note that that the resulting TOF values are necessarily approximate due to the 
presence of an induction period.. 
 
1-octene: t = 4.18 min to 4.51 min; TOF = 601 h–1; 
2-octene: t = 60.8 min to 65.9 min; TOF = 103 h–1; 
α-methylstyrene: t = 31.2 min to 34.3 min; TOF = 287 h–1; 
5.5.4.1.4 Poisoning Experiments 
Poisoning experiments were performed with catalyst 1, triphenylethylene as substrate and Hg, 
dct (dibenzo[a,e]cyclooctatetraene), benzonitrile, and naphthalene as poisoning agents.  
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General procedure: 
A solution of 1 (1.2 mg, 0.002 mmol) in 0.25 mL DME was added to the catalyst poison. The 
resulting solution was stirred for one minute and added to triphenylethylene and 
n-pentadecane. The hydrogenation reaction and work-up was performed according to the 
general procedure described in chapter 3.1. 
Table S9. Hydrogenation of triphenylethylene in presence of selected poisoning agents.[a]  
 
Entry Reagent / 




   
1 Hg (50 mg, 0.025 mmol, 125 equiv.) 2 (5) 
2 Dct (0.8 mg, 0.004 mmol, 2.0 equiv.) 92 (>99)[c] 
3 Benzonitrile (1 µL, 0.01 mmol, 5.0 equiv.) 1 (11)[c] 
4 Naphthalene (0.5 mg, 0.004 mmol, 2.0 equiv.) 82 (82)[c] 
[a] Standard conditions: substrate (0.2 mmol), 25 °C, 5 bar H2, 18 h. [b] Yields and conversions were 
determined by quantitative GC-FID vs. internal n-pentadecane. [c] 21 h. 
 
5.5.4.2 Stoichiometric Reactions 
5.5.4.2.1 Deuterium Experiments 
a) Triphenylethylene: deuterated solvent 
 
 
Triphenylethylene (25.8 mg 0.1 mmol, 1.0 equiv.) and 1 (58.1 mg, 0.1 mmol, 1.0 equiv.) were 
dissolved in 1 mL THF-d8. The solution immediately turned deep purple upon addition of 1 
to the organic substrate and was subsequently quenched with an aqueous NH4Cl solution. 
After addition of n-pentane the organic phase was filtered over a pad of silica and dried in 
vacuo. The residue was dissolved in n-pentane, filtered over a pad of silica and analyzed by 
GC-MS. The n-pentane solution was dried in vacuo and the residue dissolved in CDCl3 and 
analyzed by 1H NMR and 2H NMR spectroscopy.  
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According to GC-FID peak area comparison 55% of triphenylethylene was reduced to the 
corresponding alkane.  
 
 
Figure S22. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of reaction 5.5.4.2.1 a. 
 
 
Figure S23. 2H NMR spectrum (61.4 MHz, 300 K, CDCl3) of reaction 5.5.4.2.1 a. 
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Figure S24. GC-MS chromatogram of reaction 5.5.4.2.1 a. 
 
 
Figure S25. m/z data of peak 13.274 – 13.297 min.  
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of 2 D atoms
 
 
Triphenylethylene (27.0 mg 0.105 mmol, 1.0 equiv.) and 1 (60.8 mg, 0.105 mmol, 1.0 equiv.) 
were dissolved in 2 mL THF. The solution immediately turned deep purple upon addition of 
1 to the organic substrate and was subsequently quenched with 1 mL D2O. After addition of 
n-pentane the organic phase was filtered over a pad of silica and dried in vacuo. The residue 
was dissolved in n-pentane, filtered over a pad of silica and analyzed by GC-MS. The n-
pentane solution was dried in vacuo and the residue dissolved in CDCl3 and analyzed by 
1H NMR and 2H NMR spectroscopy.  
According to GC-FID peak area comparison 80% of triphenylethylene was reduced to the 
corresponding alkane. The value is significantly higher compared to 4.2.1a) which can be 
explained by the higher water content of THF-d8 compared to THF.  
 
  
Figure S26. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of reaction 5.5.4.2.1 b. 
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Figure S28. GC-MS chromatogram of reaction 5.5.4.2.1 b. 
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Figure S29. m/z data of peak 13.268 – 13.297 min.  
 
5.5.4.2.2 NMR Experiments 
a) Triphenylethylene (2:1 reaction) 
 
Triphenylethylene (6.9 mg 0.027 mmol, 2.0 equiv.) and 1 (7.8 mg, 0.0135 mmol, 1.0 equiv.) 
were dissolved in 0.6 mL THF-d8. The solution immediately turned purple from red and was 
analyzed by 1H NMR spectroscopy.  
 
 




Figure S30. 1H NMR spectrum (400.13 MHz, 300K, THF-d8) of 1 and triphenylethylene (2 equiv.).  
 
















Triphenylethylene (5.3 mg 0.021 mmol, 1.0 equiv.) and 1 (12.1 mg, 0.021 mmol, 1.0 equiv.) 
were dissolved in 0.6 mL THF-d8. The solution immediately turned deep purple and was 
analyzed by 1H NMR spectroscopy.  
 
Figure S31. 1H NMR spectrum (400.13 MHz, 300K, THF-d8) of 1 and triphenylethylene (1 equiv.).  
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1-Dodecene (5 µL, 0.023 mmol, 1.0 equiv.) and 1 (13.3 mg, 0.022 mmol, 1.0 equiv.) were 
dissolved in 0.6 mL THF-d8. The solution did not change the color and was analyzed by 
1H NMR spectroscopy.  
 
Figure S32. 1H NMR spectrum (400.13 MHz, 300K, THF-d8) of 1 and 1-dodecene.  
5.5.4.2.3 GC Analyses 


















Triphenylethylene (0.8 mg 0.0031 mmol, 1.0 equiv.) and 1 (3.6 mg, 0.0062 mmol, 2.0 equiv.) 
were dissolved in 0.5 mL DME. The solution immediately turned from red to purple and was 
quenched after five minutes with a saturated NH4Cl solution and ethyl acetate. An aliquot of 
the organic phase was analyzed by GC-MS. A significant amount of triphenylethane was 
formed.  
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Figure S33. Chromatogram (GC-MS) from the reaction of 1,1',2-triphenyethylene with 2.0 equiv. 1. 
 
b) Triphenylethylene (1:1 reaction) 
 
Triphenylethylene (1.6 mg 0.0062 mmol, 1.0 equiv.) and 1 (3.6 mg, 0.0062 mmol, 1.0 equiv.) 
were dissolved in 0.5 mL DME. The solution immediately turned purple from red and was 
quenched after five minutes with a saturated NH4Cl solution and ethyl acetate. An aliquot of 
the organic phase was analyzed by GC-MS. A significant amount of triphenylethane was 
formed.  
 
Figure S34. Chromatogram (GC-MS) from the reaction of triphenylethylene with 1.   
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c) 1-Dodecene (1:1 reaction) 
 
The reaction of 4.1.1 c) was quenched after NMR spectroscopic analysis with saturated 
aqueous NH4Cl solution and ethyl acetate. An aliquot of the organic phase was analyzed by 
GC-MS. No dodecane was observed. Instead, a significant amount of 1-dodecene isomers were 
detected.  
 




Triphenylethylene (4.5 mg 0.018 mmol, 1.0 equiv.) and 1 (10.4 mg, 0.018 mmol, 1.0 equiv.) 
were dissolved in 0.25 mL DME each. The solution turned deep-purple upon addition of 1 to 
1,1',2-triphenyethylene. The reaction was quenched with benzaldehyde (8.8 µL, 0.087 mmol, 
5.0 equiv.) and became colorless. Aqueous NH4Cl and ethylacetate was added and an aliquot 
of the organic phase was filtered and subsequently analzyed by GC-MS. No formation of the 
proposed product was observed.  
This experiment supports the hypothesis that a dianionic intermediate is formed and not a 
monoanionic one. 
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5.5.5 Cyclic Voltammetry 
The electrochemical properties of triphenylethylene (TPE) were investigated by cyclic 
voltammetry in DME/nBu4NPF6 and THF/ nBu4NPF6. The CV of complex 1 was recorded in 
THF/ nBu4NPF6. 
a) Triphenylethylene 
Triphenylethylene (2.5 mg, 0.010 mmol) was dissolved in a solution of nBu4NPF6 (375 mg, 
0.97 mmol) in 10 mL THF. 
 
Figure S36. Cyclic voltammogram of TPE in THF/nBu4NPF6. Scan rate = 100 mV s-1. 
b) DME 
Triphenylethylene (3.3 mg, 0.013 mmol) was dissolved in a solution of nBu4NPF6 (378 mg, 
0.98 mmol) in 10 mL DME. 
 
Figure S37. Cyclic voltammogram of TPE in DME. Scan rate = 200 mV s-1. 
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c) Complex 1 
Complex 1 (11.3 mg, 0.02 mmol) was dissolved in a solution of nBu4NPF6 (380 mg, 0.98 mmol) 
in 10 mL THF. 
 
 
Figure S38. Cyclic voltammogram of complex 1 in THF. Scan rate = 200 mV s-1. 
 
5.5.6 UV-vis Spectroscopy 
a) Triphenylethylene 
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b) Reaction of triphenylethylene with 1 
Triphenylethylene (2.0 mg, 0.078 mmol) and 1 (4.3 mg, 0.0074 mmol) were both dissolved in 
0.2 mL THF. The nickel complex 1 was added to the olefin solution upon color change to deep 
purple was observed. So much THF has been added to the solution that the absorbance was 
between 0 and 1.  
 
Figure S40. UV-vis spectrum of reaction of TPE and 1 with λmax = 511 nm. 
 
5.5.7 TEM Analyses 
Complex 1 (1.2 mg, 0.002 mmol, 1.0 equiv.) and 1-phenyl-1-cyclohexene (31.5 µL, 0.2 mmol, 
100 equiv.) were dissolved in 0.25 mL DME. The solution was saturated with 1 bar H2 by 
freeze-pump-thaw (3 times). Further preparation work was carried out in a Glove Box under 
argon to prevent any alteration of the particles. A droplet of the DME solution was transferred 
onto a regular, commercially available holey carbon grid. The holey carbon grid was then 
transferred into a special vacuum transfer holder (Gatan Inc), where the specimen can be 
retracted into the holder casing for protection against the atmosphere. Additionally, the holder 
was flooded with the inert gas form the Glove Box. After transfer of the holder, containing the 
sealed specimen, into the microscope, the vacuum holder was first pumped to remove the inert 
gas, afterwards the specimen cartridge was moved out of the sealed area, now ready for 
inspection by the microscope. The images were then recorded using a 1k x 1k CCD camera. 
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6.1 Introduction 
Organometallic and coordination chemistry can have a huge impact on a sustainable future 
by supporting the development of efficient catalysts based on earth-abundant metals.[1] These 
complexes can both replace precious metals in existing reactions and potentially mediate 
entirely new reactions, which are not yet accessible. One of the most important earth-abundant 
metals is iron which is cheap, non-toxic, and shows a high synthetic versatility due to its formal 
oxidation states ranging formally from –II to +VI. Meanwhile, some of the most important 
classes of large-scale chemical reactions are catalytic reductions (hydrogenations, 
hydroborations, hydrosilylations) which play crucial roles in the synthesis of numerous fine 
chemicals, agrochemicals, fragrances, and food additives.[2] In this context, low-valent highly-
reducing iron species became unsurprisingly compounds of special interest, which can be used 
as efficient catalysts.[3] 
Metal-mediated catalytic cycles typically consist of elementary two-electron processes such as 
oxidative addition or reductive elimination. Precious metals such as rhodium [Rh(I)/Rh(III)] 
or palladium [Pd(0)/Pd(II)] easily undergo such redox reactions and hence are typically 
favored from this point of view. In contrast, first-row transition metal complexes one-electron 
reactions are often observed. To overcome this problem and to mimic the behavior of precious 
metals, the concept of using redox-active ligands was introduced for first-row transition metal 
catalysis.[4] A redox-active ligand is capable of storing and releasing electrons and can therefore 
be directly involved in catalytic reactions by facilitating net 2e– processes that would otherwise 
be disfavored.[5] A prominent class of redox-active ligands is the α-diimine family, members 
of which are almost always good π-acceptors and so well able to stabilize electron rich metal 
centers. Thus, low-valent iron complexes with redox-active α-diimine ligands provide an 
attractive motif for applications in sustainable catalysis. 
As a result, the synthesis of low-valent α-diimine iron complexes bearing an unsaturated 
hydrocarbon as second ligand has attracted significant interest over the last two decades 
(Figure 1).[7]-[19] In these complexes the hydrocarbon is supposed to act as “placeholder” which 
can easily be replaced by substrates to initiate the catalytic cycle. These hydrocarbons are 
typically simple arenes as used for example in complexes A – E shown in Figure 1. The first 
example was reported by Zenneck and co-workers in 1998, who described the synthesis of a 
family of 1,4-diaza-1,3-diene iron toluene complexes with numerous slightly different 
α-diimines.[6] Complexes of type A are efficient pre-catalysts for the dimerization of 
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1,3-butadiene to 1,5-cyclooctadiene and 4-vinyl-cyclohex-1-ene after activation with 
(Et2AlOEt)2. In these complexes the C–C bond of the α-diimine unit is significantly shortened 
relative to the free ligand, whereas the C–N bonds were stretched, which can be explained by 
an electron transfer from the metal center to the now formally anionic ligand. 
Similar net-neutral α-diimine iron arene complexes with varying α-diimine and arene ligands 
were synthesized by the groups of Chirik, Song, and Findlater.[7]-[10] Of particular interest are the 
complexes D and E by Findlater and co-workers, who chose a bis(aryl)iminoacenaphthene 
(BIAN) ligand with a polyarene backbone instead of a simple α-diimine ligand with a 
saturated backbone.[8],[9] BIAN ligands are known since the 1960s and were established in 
coordination chemistry by Elsevier and co-workers.[11],[12] This ligand class benefits from a rigid 
backbone which ensures that the donor nitrogen atoms are fixed in the cis orientation that is 
required for metal coordination. Fedushkin and co-workers intensively studied the redox 
behavior of the DippBIAN (Dipp = 2,6-diisopropylphenyl) ligand. Remarkably, it is possible to 
reduce DippBIAN to its tetraanionic state using sodium metal.[13] However, such an extreme 
formal charge is rather unusual in transition metal complexes and usually neutral, 
monoanionic or dianionic BIAN ligands are observed. Findlater and co-workers synthesized 
the [(DippBIAN)Fe(arene)] (arene = benzene, toluene) complexes D and E by reduction of 
[(DippBIAN)FeCl2] with Na/Hg in presence of the corresponding arene. The benzene complex 
acts as active pre-catalyst for the polymerization of L-lactide, whereas the toluene adduct can 
be used as a pre-catalyst in the hydrosilylation of ketones and aldehydes under solvent-free 
conditions. Metrical data taken from single-crystal X-ray crystallography support the 
hypothesis of a monoanionic α-diimine ligand in those complexes. Independently, the group 
of Jacobi von Wangelin studied the hydrogenation of olefins mediated by an in situ catalyst 
formed from [(DippBIAN)FeCl2] and n-butyllithium in toluene.[14]  
Chelating olefins such as 1,5-cyclooctadiene (cod) can also be used as labile hydrocarbon 
ligands. Such complexes have been reported by the groups of Chirik, Ritter, and 
Findlater.[7],[15],[16] Chirik and co-workers synthesized the neutral tetrahedral iron complex F 
which contains cod and an α-diimine unit based on biacetyl.[7] This complex is an efficient 
pre-catalyst for the hydrogenation of simple olefins under mild conditions [0.3 mol [Fe], 4 bar 
H2, r.t. (r.t = room temperature)], although the formation of the catalytically inactive benzene 
complex B was observed for some styrenic substrates. Ritter and co-workers observed the 
catalytic dimerization of 1,3-butadiene to cod on a >100 g scale using the similar complex G.[15] 
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In the same report, the electronic structure of this complex was investigated with various 
techniques (SQUID magnetization measurements, 57Fe Mößbauer spectroscopy, and DFT 
calculations), suggesting the presence of a high-spin Fe(I) (S = 3/2) center which is 
antiferromagnetically coupled to an α-diimine radical anion. Findlater and co-workers 
introduced the BIAN ligand in this class of complexes, resulting in the formation of complex 
[(DippBIAN)Fe(η4-cod)] (H).[16] The group of Chirik further contributed the neutral heteroleptic 
iron α-diimine complexes J and K.[18] Both complexes are coordinated by an α-diimine ligand 
based on biacetyl with a ligand-sphere completed either by two –CH2SiMe3 ligands (J) or by 
isoprene (K). 
In contrast to the research on neutral heteroleptic iron α-diimine complexes, there are only 
three reports about anionic complexes, coming from the groups of Lichtenberg, de Bruin, 
Grützmacher (L – N). In these complexes the olefin and α-diimine ligands were combined in 
one framework using a trop2dad ligand (trop = 5H-dibenzo[a,d]cycloheptene-5-yl, dad = 
diazadiene).[19] The central iron atom of complex L adopts an almost square-planar geometry. 
The electronic structures of these complexes were studied by various experimental techniques 
and DFT calculations using the broken-symmetry approach. Single-crystal X-ray 
crystallography on the [Na(thf)3]+ salt L suggested the presence of a dianionic diazadiene 
bound to Fe(I). The low-spin d7 electronic configuration was further confirmed by SQUID 
analysis, 57Fe Mößbauer spectroscopy, and EPR studies. Analogous complexes M and N 
featuring a saturated backbone were also prepared and fully characterized. These complexes 
were used for the efficient dehydrogenation of dimethylamine-borane and the 
dehydrogenative coupling of silanes and 1,4-dibenzenemethanol.  
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Figure 1. Previously reported low-valent α-diimine iron complexes with hydrocarbon ligands, and the new 
complexes presented in this work. R = H, Me; R1 = H, Me (A, B, C) BIAN (D, E); R2 = aryl, alkyl; Dipp = 2,6-
diisopropylphenyl. 
 
Although there are several reports on heteroleptic α-diimine complexes, the corresponding 
homoleptic counterparts remain scarce (Figure 2).[7],[20]-[23] These complexes have limited 
potential for applications in catalysis due to their limited capability to generate vacant 
coordination sites. Thus, such species have mainly served as subjects for electronic structure 
analysis. The group of tom Dieck synthesized the first low-valent bis(α-diimine) iron species O 
by the reduction of bis(α-diimine) iron(II) chloride salts with sodium metal.[20] The investigated 
α-diimines investigated were all 1,4-diaza-1,3-dienes derived from biacetyl and the resulting 
complexes were only analyzed by elemental analysis. Later on, Walther and co-workers 
investigated the chemistry of benzil dianil and electron rich metal centers P.[21] The iron 
complex was investigated by magnetic methods (µeff = 3.23 µB at r.t.), as well as spectroscopic 
techniques (IR, UV-vis). Chirik and co-workers synthesized the neutral bis(α-diimine) iron 
complex Q by reduction of the corresponding α-diimine iron(II) chloride precursor with 
Na/Hg.[7] This was the first compound of this type that was structurally characterized by 
single-crystal X-ray crystallography, revealing a tetrahedral geometry at iron. The metrical 
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data, in particular the relatively long C–C bond and short C–N bond, in combination with 
magnetic susceptibility measurements, suggested a significant degree of α-diimine ligand 
reduction. Wieghardt and co-workers subsequently provided a detailed analysis of the 
electronic structure of the species R by a combination of 57Fe Mößbauer spectroscopy, magnetic 
susceptibility measurements, single-crystal X-ray crystallography, and density-functional 
theory using the broken-symmetry approach.[22] It was concluded that the commonly used 
description of the electron structure with a central Fe(0) atom is in fact not correct. Instead, the 
complexes each contain two monoanionic α-diimine ligands (S = 1/2) with a high-spin Fe(II) 
(S = 2) center. Due to antiferromagnetic coupling between the α-diimine ligands and the iron 
atom, an overall spin of S = 1 is observed for the ground state. This work established the fact 
that α-diimines are redox-active ligands. Later, a similar outcome was reported by Fedushkin 
and co-workers, who synthesized neutral [(DippBIAN)2Fe] (S) by the reaction of K[DippBIAN] 
with FeI2.[23] The C–C and C–N bond lengths of the BIAN ligand have been very well 
investigated as a function of the oxidation state of the ligand. In the case of [(DippBIAN)2Fe] the 
structural data suggest the formation of a monoanionic ligand and consequently an Fe(II) 
center. Magnetic measurements and theoretical calculations also support the presence of 
antiferromagnetic coupling.  
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Figure 2. Previously reported homoleptic low-valent α-diimine iron complexes and new anionic complexes 
presented in this work.  
 
Interestingly, there are currently no reports on anionic bis(α-diimine) iron complexes. It is of 
obvious interest to compare these highly-reduced species with the neutral complexes 
described in literature. Recently, we reported amine-borane dehydrogenation and transfer 
hydrogenation catalyzed by the α-diimine cobaltates [K(thf)x{(ArBIAN)Co(η4-cod)}] [Ar = Mes 
(2,4,6-trimethylphenyl), Dipp (2,6-diisopropylphenyl)].[24] This work showed that such highly 
reduced α-diimine metal anions can be effectively used in reductive catalysis. This suggested 
that an analogous Fe complex should be a promising pre-catalyst for similar reactions. Herein, 
we report the synthesis, characterization, and catalytic applications of highly-reduced anionic 
heteroleptic and homoleptic α-diimine iron complexes. 
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6.2 Results and Discussion 
6.2.1 Heteroleptic α-Diimine Iron Complexes 
As [K(thf)x{(ArBIAN)Co(η4-cod)}] is synthesized from the cobalt(1–) source [Co(η4-cod)2]– by 
simple ligand exchange, it was sought out to synthesize the analogous iron complex in the 
same manner starting from dianionic bis(cylooctadiene) ferrate(2–) [Li2(dme)4{Fe(η4-cod)2}].[25] 
Surprisingly, the reaction of this ferrate with DippBIAN gave exclusively the monoanionic 
complex [Li(thf){(DippBIAN)Fe(η4-cod)}] (1-[Li(thf)]) and not the expected dianion. A plausible 
explanation for this observation is that LiBIAN is formed as a side product by an outer-sphere 
redox process, although this has not been confirmed experimentally. A ligand to metal  
[DippBIAN:Fe(2–)] ratio of 1.5:1 seemed to be ideal after optimization of the reaction conditions, 
although it is formally a 2:1 reaction (see the SI for details). Complex 1-Li was isolated as dark 
black crystals after work-up and crystallization from n-hexane in 55% yield (41 mg). 
Unfortunately, scale up of this reaction proved to be difficult. Therefore, a second approach 
involving reduction of the Fe(II) precursor [(DippBIAN)FeBr2] using strong reductants such as 
alkali metals was investigated. [(DippBIAN)FeBr2] can be prepared in large scale (> 20 g) scale 
in a single step from DippBIAN and FeBr2. Reduction of this complex using potassium graphite 
(KC8, three equivalents) in the presence of excess 1,5-cyclooctadiene was found to be more 
efficient than with lithium or potassium metal. Thus, [{(DippBIAN)Fe(η4-cod)}]– (1) was isolated 
as 1-[K([18]c-6)(thf)0.5] in good yield (78%) and at multi-gram scale (> 7g) after crystallization 
from THF/ n-hexane. 
 
Scheme 1. Synthesis of the anion [{(DippBIAN)Fe(η4-cod)}]– (1) by reduction of an Fe(II) precursor (left) or 
ligand exchange of an Fe(–II) source (right).  
 
Both complexes 1-[K([18]c-6)(thf)0.5] and 1-[Li(thf)] were structurally characterized by 
single-crystal X-ray crystallography. Unfortunately, the structure of 1-[K([18]c-6)(thf)0.5] was 
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highly disordered and it was impossible to determine reliable bond distances. However, the 
connectivity and overall structure were confirmed. In contrast, the crystal structure of 
1-[Li(thf)] gave good values (R1 = 0.0383; wR2 = 0.0929) and is shown in Figure 3. The complex 
crystallizes in the orthorhombic space group Pmn21 with two molecules per formula unit. The 
central iron atom Fe1 is coordinated in an almost perfect square-planar environment (twist 
angle of 0.5°) by two nitrogen atoms and two C=C double bonds. The elongated C1–N1 
(1.385(4) Å) and shortened C1–C1' (1.388(5) Å) bond lengths are in the range of dianionic BIAN 
ligands (c.f. 1.40 Å (C–C bond) and 1.39 Å (C–N bond) for Na2[DippBIAN]).[23] Consequently, an 
oxidation state of +I with a d7 configuration for iron can be assigned. The lithium cation is 
η4-coordinated to the dianionic moiety of the BIAN framework as well as by one THF 
molecule. Compound 1-[Li(thf)] is therefore a contact-ion pair. It is worth noting that the 
recently published cobaltate [Li(thf){(DippBIAN)Co(η4-cod)}] is isostructural to this compound 
(see chapter 4.5.4) 
 
Figure 3. Solid-state structure of 1-[Li(thf)] with thermal ellipsoids drawn at the 40% probability level. 
Selected bond lengths [Å] and angles [°]: N1–C1 1.385(4), C1–C1' 1.388(5), C21–C22 1.409(5), Fe1–N1 1.971(2), 
Fe1–C21 2.045(3), N1–Fe1–N1' 82.1(1) Hydrogen atoms are omitted for clarity.  
 
It is of further interest to investigate the influence of the bis(olefin) ligand with respect to the 
structure and reactivity. The replacement of the 1,5-cyclooctadiene (cod) ligand in our 
proposed ferrate pre-catalyst by 2,5-norbornadiene (nbd) was attempted. Therefore, the same 
reductive approach was pursued: reaction of [(DippBIAN)FeBr2] with potassium graphite and 
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an excess of 2,5-norbornadiene followed by the addition of 18-crown-6 ([18]c-6) to facilitate 
crystallization from THF/n-hexane. Unexpectedly, a salt of the complex 
[{(DippBIAN)Fe(η4-nbd)}]– was not obtained under the reaction conditions. Instead, 
single-crystal X-ray crystallography revealed that two nbd ligands underwent C–C coupling 
to form a bis(norbornyl) ligand, resulting in a new complex 2-[K([18]c-6)(thf)2], which was 
isolated in high yield (83%) as deep green crystals.  
 
Scheme 2. Synthesis of complex 2-[K([18]c-6)(thf)2].   
 
While crystallographic analysis of 2-[K([18]c-6)(thf)2] allowed to determine the connectivity of 
the ferrate anion, significant disorder prevented a more detailed structural analysis. 
Fortunately, the [2.2.2]cryptand complex 2-[K([2.2.2]cryptand)] prepared in an analogous 
manner provided a structure which could be refined to a much more satisfactory degree of 
accuracy. The complex crystallizes in the non-centrosymmetric space group P21 with one 
molecule per asymmetric unit, which is shown in Figure 4. Here the central iron atom Fe1 is 
coordinated by the two nitrogen atoms of BIAN (N1, N2) and two carbon atoms (C3, C4) of 
the bis(norbornyl) ligand in a distorted tetrahedral structure with a twist angle of 53.4°. 
Analysis of the C–C (C1–C2 1.385(6) Å) and C–N (C1–N1 1.382(6) Å, C2–N2 1.371(6) Å) bonds 
indicated a dianionic BIAN ligand.[23] In combination with the dianionic bis(norbornyl) ligand 
an oxidation state of +III for iron can be assumed. Two molecules of norbornadiene have 
clearly dimerized through formation of a C–C bond (olefin coupling) to give a bis(norbornyl) 
ligand and a five-membered, perfectly planar ferracycle. Stereochemically, the ligand exists in 
an exo-trans-exo conformation. Such a norbornadiene dimerization at the metal center is rare 
and only known for three other systems two based on iridium and one on zirconium. For the 
latter, Rosenthal and co-workers used a zirconocene alkyne complex as starting material and 
observed a twisted and not perfectly planar five-membered zirconacycle.[26] In 1980, Osborn, 
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Fraser and co-workers reported on an octahedral iridium complex bearing a dimerized 
norbornadiene ligand, one acetylacetonate ligand, and an additional single η4-norbornadiene 
ligand.[27] In there, the iridacycle is also nonplanar, being folded with one carbon atom 
displaced 0.24 Å out of the plane of the ring atoms. Recently, Oro and co-workers also 
synthesized iridium complexes containing this structural motif.[28] All are octahedral iridium 
complexes with five-membered, nonplanar iridacycles.  
 
Figure 4. Solid-state structure of 2-[K([2.2.2]cryptand)] with thermal ellipsoids drawn at the 40% probability 
level. Selected bond lengths [Å] and angles [°]: C1–C2 1.385(6) Å, C1–N1 1.382(6) Å, C2–N2 1.371(6) Å, Fe1–
N1 1.961(4) Å, Fe1–N2 2.001(3) Å, Fe1–C3 2.023(4) Å, Fe1–C4 2.042(5) Å, C3–C44 1.562(6) Å, C4–C44 
1.585(6) Å, N1–Fe1–N2 84.8(2), C3-Fe-C4 86.7(2). Hydrogen atoms, solvent molecules (three THF molecules) 
and cation 2-[K([2.2.2]cryptand)]+ are omitted for clarity. 
 
1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] are paramagnetic according to 1H NMR 
spectroscopy. 1-[K([18]c-6)(thf)0.5] showed broad resonances from 9 to –16 ppm in THF-d8, 
whereas 2-[K([18]c-6)(thf)2] exhibits sharper signals in a range of 70 to –55 ppm (see the SI, 
Figures S1, S2). Both complexes also investigated by EPR spectroscopy in a frozen 
2-methyltetrahydrofurane (MeTHF) solution at 20 K (Figure 5). 1-[K([18]c-6)(thf)0.5] shows a 
rhombic signal with g11 = 2.22, g22 = 2.10 and g33 = 2.01. No hyperfine interaction to nitrogen is 
observed, which is consistent with the proposed Fe(I) structure from single-crystal X-ray 
crystallography. Calculation of the EPR parameters at the B3LYP[29]/def2-TZVP[30] level of 
theory gave g values of 2.13, 2.08, and 2.01, which are close to the experimentally observed g 
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values. Hyperfine coupling constants were predicted to be small for all protons (AH ≤ 1 MHz) 
and nitrogen atoms (AN11 = –4.73, AN22 = –5.69 and AN33 = -7.61). In all cases these coupling 
constants were too small to be observed in the obtained experimental spectrum. Moreover, the 
small AN confirms the proposed spin density on the iron center and a dianionic closed-shell 
BIAN ligand. 2-[K([18]c-6)(thf)2] shows a completely different EPR spectrum. Only a broad 
signal at half field was observed, which indicated the presence of an intermediate or high-spin 
iron complex. The experimental spectrum of 2-[K([18]c-6)(thf)2] as approximated by 
simulation using the same approach as for complex 1 with an S= 3/2 system and g11 = 2.25, g22 
= 2.25, g33 = 1.90, D = 15 cm–1, E = 0.8 cm–1 (E/D = 0.05). Herein, D and E describe the axial and 
rhombic extent of the zero field splitting, respectively. Notably, we were not able to 
satisfactorily simulate the experimental spectrum by consideration of an S = 5/2 system.  
 
Figure 5. Experimental and simulated X-band EPR spectra of 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] 
recorded in a frozen MeTHF solution at 20 K. Experimental parameters: Microwave frequency: 9.37466 GHz 
(1-[K([18]c-6)(thf)0.5]), 9.376835 GHz (2-[K([18]c-6)(thf)2]); Modulation amplitude: 4.000 G; Power: 0.6325 mW. 
The experimental spectrum of 1-[K([18]c-6)(thf)0.5] could be fitted with the following parameters for an S =1/2 
system on a nucleus with a nuclear spin of 0, which we attribute to iron. g11 = 2.217, g22 = 2.095, g33 = 2.005, W11 
= 10, W22 = 11 and W33 = 13. The experimental spectrum of 2-[K([18]c-6)(thf)2] can be fitted using the following 
parameters for an S = 3/2 system. g11 = 2.25, g22 = 2.25, g33 = 1.90, D = 15 cm–1, E = 0.8 cm–1, E/D = 0.05. 
 
1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] were further investigated by 57Fe Mößbauer 
spectroscopy at 80 K. A polycrystalline sample of 1-[K([18]c-6)(thf)0.5] showed an asymmetric 
spectrum with an isomer shift of δ = 0.23 mm s–1 and a quadrupole splitting of 
ǀΔEQǀ = 2.26 mm s–1 (Figure 6, left). The quadrupole splitting is in accordance with the 
calculated ǀΔEQǀ = 2.50 mm s–1 value determined using DFT methods (CP(PPP) basis set for Fe). 
The asymmetry of the spectrum is typical for an iron species with an odd number of unpaired 
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electrons with slow paramagnetic relaxation and is consequently in line with the result of EPR 
spectroscopy. 2-[K([18]c-6)(thf)2] also gave a doublet with a similar isomer shift of 
δ = 0.17 mm s–1, but significantly smaller quadrupole splitting of ǀΔEQǀ = 1.32 mm s–1 (Figure 9, 
right). Similar values (δ = 0.43 mm s–1, ΔEQ = 1.37 mm s–1) were observed in the five 
coordinated pyridine-diimine iron tetrazene complex [(iPrPDI)Fe{(NR)NN(NR)}] (iPrPDI = 2,6-
(ArN=CMe)2C5H3N; Ar = Dipp, R = 3,5-Me2C6H3) prepared by Chirik and co-workers, who 
proposed an intermediate-spin Fe(III) center.[31]  
  
Figure 6. 57Fe Mößbauer spectra of 1-[K([18]c-6)(thf)0.5] (left) and 2-[K([18]c-6)(thf)2] (right); 
exp = experimental, sim = simulated. 
 
The 57Fe Mößbauer data for complex 1-[K([18]c-6)(thf)0.5] are also in agreement with the 
magnetic moment µeff = 2.0(1) µB determined in solution (THF-d8) at ambient temperature by 
the Evans method[32], which corresponds to one unpaired electron (spin-only value: 1.73 B). 
Magnetic susceptibility measurements confirm that 2-[K([18]c-6)(thf)2] is paramagnetic in the 
solid-state (SQUID magnetization measurement in the temperature range 2–295 K) with 
MT = 2.03 cm3 mol–1 K (corresponds to eff = 4.0 B) at 295 K (Figure 7). The measurement can 
be simulated with a spin of 3/2 (g = 2.08, D =17.0 cm–1), which is in agreement with the 
experimental data (Figure 7). The magnetic moment determined in solution (THF-d8) by Evans 
method is µeff = 3.9(1) µB at ambient temperature, which is almost identical to the spin-only 
value for three unpaired electrons (3.87 B). Thus, these experiments further support the 
assignment of an Fe(III) center with an intermediate spin of S = 3/2.  
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Figure 7. SQUID magnetization measurement of 2-[K([18]c-6)(thf)2]; exp = experimental, sim = simulated. 
 
Theoretical investigations using the DFT and CASSCF methods were used to analyze the 
electronic structures of the anions of 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] in comparison 
with experimental results. Geometries were optimized at the OPBE-D3BJ/def2-TVZP[29],[30],[33] 
level of theory in the gas phase. In the case of 1-[K([18]c-6)(thf)0.5], the diisopropyl groups were 
replaced by methyl groups to minimize computational cost and a doublet state was assumed 
according to all experimental data. The optimized geometry is in good agreement with the 
structure determined by single-crystal X-ray crystallography. DFT calculations confirmed that 
spin density is localized at the metal center, as shown in Figure 8 (left). Analysis of the orbitals 
showed that the highest occupied orbital is a singly-occupied molecular orbital (SOMO) with 
high d character. Thus, a d7 electronic configuration with a Fe(I) species is plausible and 
consistent with experimental and theoretical data.  
                    
Figure 8. Spin-density plots according to Mulliken population analysis of 1-[K([18]c-6)(thf)0.5] (left) and 
2-[K([18]c-6)(thf)2] (right); isosurface value = 0.05.  
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State-averaged CASSCF-DLPNO-NEVPT2/def2-mTZVP def2-TZVP/C[36] calculations were 
conducted including three different ground state multiplicities (S = 2, 4, 6) to get an insight 
into the electronic structure of the anion of 2-[K([18]c-6)(thf)2]. The quartet state was 
energetically most favored while the sextet (ΔE = +39.9 kcal mol–1) and doublet state 
(ΔE = +26.6 kcal mol–1) are significantly higher in energy. The quartet state corresponds to an 
Fe(III) intermediate spin system (S = 3/2) with d5 configuration at iron. Moreover, the spin-
density obtained from a single-point DFT calculation is mainly localized on the metal center 
(Figure 8, right). Thus, the theoretical data are therefore consistent with the experimental data. 
Complexes 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] both possess two potentially redox-
active sites: the central iron atom and the redox-active BIAN ligand. The redox properties of 
1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] are therefore of interest and were studied by cyclic 
voltammetry (Figures 9 and 10). Both heteroleptic complexes are similar in their redox 
properties according to their cyclic voltammograms. One reversible and at least one 
irreversible oxidation is observed. In the case of complex 1 the chemically reversible wave at 
E1/2 = –1.98 V vs. Fc/Fc+ is consistent with previous results by Findlater and co-workers, who 
prepared the neutral complex [(DippBIAN)Fe(η4-cod)] by Na/Hg reduction of [(DippBIAN)FeCl2] 
and cod.[16] Complex 2-[K([18]c-6)(thf)2] can also be reversibly oxidized by one electron at a 
similar, but slightly less negative potential (E1/2 = –1.71 V vs. Fc/Fc+). Both complexes are 
further irreversibly oxidized at much less negative potentials (–0.85 V for 1-[K([18]c-6)(thf)0.5] 
and –0.8 V for 2-[K([18]c-6)(thf)2]). 
 
Figure 9. Cyclic voltammograms of 1-[K([18]c-6)(thf)0.5] in THF/nBu4NPF6, scan rate: 100 mV s–1 (left) and 
50 mV s–1 (right). 
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Figure 10. Cyclic voltammograms of 2-[K([18]c-6)(thf)2] in THF/nBu4NPF6, scan rate: 100 mV s–1 (left) and 
50 mV s–1 (right). 
 
Complexes 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] were also investigated by UV-vis 
spectroscopy. The UV-vis spectra in THF are shown in Figure 11. 1-[K([18]c-6)(thf)0.5] absorbs 
at 294 nm (ε = 21000 L mol–1 cm–1), 408 nm (ε = 12000 L mol–1 cm–1), and shows a broad 
shoulder at 697 nm (ε = 5000 L mol–1 cm–1), whereas for 2-[K([18]c-6)(thf)2] absorptions at 
298 nm (ε = 22000 L mol-1 cm–1), 366 nm (ε = 13500 L mol–1 cm–1), 418 nm (ε = 8000 L mol–1 cm-1), 
and a broad shoulder at 740 nm (ε = 5000 L mol–1 cm–1) are observed. 
 
Figure 11. UV-vis spectra of 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] in THF. 
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6.2.2 Homoleptic α-Diimine Iron Complexes 
For the synthesis of homoleptic anionic bis(α-diimine) iron complexes, the bis(anthracene) 
ferrate(1–) anion served as an available source for an iron anion.[34] First, the reactivity of the 
α-diimines DippBIAN and DippPhDi towards this anion was investigated. Regardless if one or 
two equivalents of the α-diimine were added, only homoleptic and no heteroleptic complexes 
were isolated. Thus, the replacement of both anthracene ligands furnished the homoleptic bis 
α-diimine ferrate complexes 3 and 4. Complex 3 was isolated in 46% crude yield and was 
recrystallized from THF/n-hexane in 15% (sample 3-1) yield. Sample 3-1 was recrystallized one 
more time to obtain sample 3-2 (7%). Complex 4 was also obtained after extraction and 
crystallization from THF/n-hexane in 19% yield. These complexes represent the first anionic 
iron bis(α-diimine) complexes known in literature.  
 
Scheme 3. Synthesis of homoleptic bis(α-diimine) ferrate anions. 
 
Crystals of 3 suitable for single-crystal X-ray diffraction were obtained by slow diffusion of 
n-hexane into a THF solution. More than 10 crystals were examined. It is noteworthy, that all 
of these had the same space group and cell parameters. A full single crystal X-ray structure 
analysis on one of the crystals revealed that complex 3 crystallizes in the monoclinic space 
group P21/n with four molecules of 3 per formula unit. The molecular structure is shown in 
Figure 12. There is no close interaction between the cation [K([18]c-6)(thf)2]+ and the anion 
[(DippBIAN)2Fe]–. The central iron atom is coordinated via four nitrogen atoms. The dihedral 
angle between the two BIAN ligands is 42.2° and the coordination geometry can therefore be 
described as neither square planar nor tetrahedral, but rather as a distorted structure that lies 
somewhere between these two extremes. The C–C bond lengths of the α-diimine fragment 
(C1–C2 1.411(3) Å, C3–C4 1.406(3) Å) are similar to those observed in Na2[DippBIAN] (C1–C2 
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1.402(4) Å) suggesting a dianionic BIAN ligand. It has to be mentioned though that the 
experimentally observed C–N bond lengths (C1–N1 1.351(3) Å, C2–N2 1.359(2) Å, C3–N3 
1.362(3) Å, C4–N4 1.364(2) Å) are in between the values for the dianionic BIAN ligand in 
Na2[DippBIAN] (C1–N1 1.387(4) Å, C2–N2 1.386(4) Å), and the monoanionic BIAN ligand (C1–
N1 1.336(3) Å, C1–N1 1.325(3) Å) in [(DippBIAN)Ni(η4-cod)].[13],[35] Consequently, a clear 
assignment from metrical data is not feasible. 
 
Figure 12. Solid-state structure of 3 with thermal ellipsoids drawn at the 40% probability level. Selected bond 
lengths [Å] and angles [°]: N1–C1 1.351(3), N2–C2 1.359(2), N3–C3 1.362(3), N4-C4 1.364(2), C1–C2 1.411(3), 
C3–C4 1.406(3), Fe1–N1 2.090(1), Fe1–N2 1.976(1), Fe1–N3 2.048(1), Fe1–N4 2.072(1), N1–Fe1–N2 81.58(1), N3–
Fe1–N4 82.56(6). Hydrogen atoms and [K([18]c-6)(thf)2]+ cation are omitted for clarity.  
 
Crystals of 4 suitable for single-crystal X-ray diffraction were grown in the same manner as for 
3 from THF/n-hexane. Complex 4 crystallizes in the monoclinic space group P2/n with two 
molecules of 4 per formula unit and the iron atom located on an inversion center. The 
molecular structure is superficially very similar to that of 3. However, in contrast to 3, the 
coordination geometry around iron is almost perfectly tetrahedral (dihedral angle determined 
for 4 is 89.0°). The C–C and C–N bond lengths of the α-diimine fragment (C1–C2 1.417(3) Å, 
C1–N1 1.396(3) Å, C2–N2 1.390(3) Å) again indicate a dianionic ligand (c.f. the dianionic ligand 
in [Mg(OEt2)3][DippPhDi] (C–C 1.409(4) Å, C–N 1.384(4) Å).[38] Hence, the oxidation state of iron 
can be assigned as +III. 
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Figure 13. Solid-state structure of 4 with thermal ellipsoids drawn at the 40% probability level. Selected bond 
lengths [Å] and angles [°]: N1–C1 1.396(3), N2–C2 1.390(3), C1–C2 1.417(3), Fe1–N1 2.013(1), Fe1–N2 1.976(1), 
N1–Fe1–N2 82.91(7). Hydrogen atoms and [K([18]c-6)(thf)2]+ are omitted for clarity.  
 
In order to confirm the electronic structures of 3 and 4 derived from single-crystal X-ray 
crystallography and to gain further insight, various spectroscopic techniques (1H NMR, EPR, 
57Fe Mößbauer, UV-vis), magnetic measurements, elemental analyses, and theoretical methods 
(DFT, CASSCF) were employed. For the spectroscopic and analytical data different batches of 
3 were used. In order to determine the presence of minor impurities both the recrystallized 
bulk material (3-1) and additional samples  (3-2) that were recrystallized one more time from 
THF/n-hexane were analyzed. 
Both samples were subjected to CHN analysis. For sample 3-1 the carbon value does not 
perfectly match the calculated value for 3 bearing one THF molecule (calcd.: 73.77; found: 
72.03). However, the experimentally obtained values for hydrogen (calcd.: 7.88; found: 7.57) 
and nitrogen (calcd.: 3.91; found: 3.88) are close to the calculated values within the range of 
0.4%. For sample 3-2, the CHN calculated values are in agreement with the experimentally 
determined values (C 73.30, H 7.76, N 3.81). The same applies for complex 4 assuming the 
presence of two THF molecules (calcd.: C 74.06, H 8.03, N 3.59; found: C 74.18, H 7.82, N 3.54). 
Both complexes 3 and 4 are paramagnetic in solution according to 1H NMR spectroscopy in 
THF-d8. Complex 3 shows 14 resonances between +50 and –50 ppm. This is almost in 
accordance with the expected number of resonances (15) for two chemically non-equivalent 
Chapter 6. Highly-Reduced α-Diimine Ferrates: Electronic Structure and Catalysis 
214 
DippBIAN ligands and one 18-crown-6 molecule. Another possibility is the presence of two 
isomeric complexes. Variable-temperature (VT) 1H NMR spectra of sample 3-2 in the range 
from 298 K to 328 K showed that no resonances appear or disappear upon heating and only 
minor shifts of the signals are observed (Figure 14). Note that the 1H NMR spectra of 3-1 and 
3-2 are identical. In contrast, complex 4 is completely NMR silent in the range of +100 to                 
–100 ppm (see the SI). 
 
 
Figure 14. VT-1H NMR spectra (400 MHz, THF-d8) of 3-2 in the range from 298 K to 328 K.  
 
Due to the paramagnetism of both complexes, 3 and 4 were analyzed by EPR spectroscopy. 
Both sample 3-1 and sample 3-2 were analyzed in a 2-methyltetrahydrofurane (MeTHF) glass 
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at 20 K. The resulting spectrum of sample 3-2 shows a rhombic signal with simulated g-values 
(g11 = 2.13, g22 = 2.10, g33 = 2.06) consistent with an S = 3/2 ground state with large zero-field 
splitting and rhombicity (D = 20 cm–1, E = 4.1 cm–1, E/D = 0.20). Notably, no hyperfine 
interaction (HFI) to nitrogen is observed. The spectrum for 3-1 can also be simulated as an 
S = 3/2 species with the same parameters as for 3-2. However, the spectrum of 3-1 shows 
additional signals at 1550 Gauss and 3350 Gauss (see the SI, Figure S5). Although these 
additional signals could not be simulated, these signals clearly suggest the presence of a 
second species, which appears to be absent in the spectrum of sample 3-2.  
The EPR spectrum of complex 4 was also measured in a MeTHF glass at 20 K and shows a 
rhombic signal as well. The experimental spectrum can be simulated as an S = 5/2 system with 
g11 = 2.03, g22 = 2.03, g33 = 2.03. The zero field splitting of 4 (D = 7 cm–1, E = 2.2 cm–1, E/D = 0.31) 
is smaller compared to 3. It is noteworthy that it is also possible to simulate the spectrum using 
two components with S = 3/2 (see the SI, Figure S6). 
 
  
Figure 15. Experimental X-band EPR spectra of sample 3-2 and 4 recorded in MeTHF glass at 20 K. 
Experimental parameters: Microwave frequency: 9.375682 GHz (3-2), 9.378092 GHz (4); Modulation 
amplitude: 4.000 G; Power: 0.6325 mW. Sample 3-2 can be simulated as an S = 3/2 species: g11 = 2.13, g22 = 2.10, 
g33 = 2.06, D = 20 cm-1, E = 4.1 cm–1, E/D = 0.20. Complex 4 can be simulated as an S = 5/2 system using the 
following parameters: g11 = 2.03, g22 = 2.03, g33 = 2.03, D = 7 cm–1, E = 2.2 cm–1, E/D = 0.31. 
 
Complex 3 was further investigated by 57Fe Mößbauer spectroscopy at 80 K. As shown in 
Figure 16, this polycrystalline sample of 3-1 gave rise to a slightly asymmetric spectrum with 
an apparent isomer shift δ = 0.76 mm s–1 and an apparent quadrupole splitting 
ǀΔEQǀ = 1.63 mm s–1. A fitting procedure revealed that the simulated spectrum can be divided 
into two subunits. A doublet with an isomer shift of δ = 0.75 mm s–1 and a quadrupole splitting 
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ǀΔEQǀ = 1.60 mm s–1 corresponds to 75% of the sample (see Figure 16, sub1). A second 
quadrupole doublet with δ = 0.78 mm s-1 and and ǀΔEQǀ = 2.17 mm s–1 accounts for 25% of the 
total spectrum (see Figure 16, sub2). The observation of two quadrupole doublets is presently 
unclear and suggests the presence of two species or isomers investigated sample. The isomer 
shifts and quadrupole splittings of the two quadrupole doublets observed for 3-1 are 
consistent with those of related high-spin Fe(II) complexes. For example, Holland and co-
workers reported 57Fe Mößbauer data for a neutral tetra-coordinated iron complex with a 
tetrazene and a β-diketiminato ligand.[37] This compound shows a similar 57Fe Mößbauer 
isomer shift (δ = 0.69(2) mm s–1) and a smaller quadrupole splitting (ǀΔEQǀ = 1.32(4) mm s–1) as 
the two species observed for 3-1. Comparable 57Fe Mößbauer data have also been reported for 
the anionic reduction product of Holland’s complex (δ = 0.81(2) mm s–1, ǀΔEQǀ = 1.40(2)         
mm s–1). [37] Nonetheless, the observed 57Fe Mößbauer data are clearly in line with the presence 
of a high-spin Fe(II) species. Further 57Fe Mößbauer investigations on an additionally 
recrystallized sample 3-2 are currently underway. 
 
Figure 16. 57Fe Mößbauer spectrum of complex 3 (sample 3-1); exp = experimental, sim = simulated, 
sub1 = subunit 1, sub2 = subunit 2.  
 
The magnetic moment was determined for samples 3-1 and 3-2 by the Evans NMR method in 
THF-d8 solution.[32] For both samples, the observed magnetic moment was µeff = 4.7(1) µB at 
ambient temperature. This value is between the calculated spin-only values for three unpaired 
electrons (3.3 B; quartet state) and for five unpaired electrons (5.9 B; sextet state). A similar 
result was obtained for complex 4, which shows an experimental moment of µeff = 5.1(1) µB at 
room temperature. SQUID magnetization measurements on complexes 3 and 4 are in progress. 
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State-averaged CASSCF-DLPNO-NEVPT2/def2-mTZVP def2-TZVP/C[36] calculations were 
conducted for three different ground state multiplicities (S = 2, 4, 6) to get an insight into the 
electronic structures of the anions of 3 and 4 (see the SI for details). For both complexes, the 
doublet states are significantly higher in energy (+21 kcal mol–1) compared to the most stable 
high-spin configuration. The quartet and sextet configurations are very similar in energy. 
While the quartet state is preferred by 1.7 kcal mol–1 for complex 3, the sextet state is 
3.0 kcal mol-1 more stable in complex 4. Based on an analysis of the orbital occupations 
resulting from the CASSCF-DLPNO-NEVPT2 calculations, a high-spin Fe(II) center with one 
monoanionic and one dianionic BIAN ligand is conceivable for complex 3, whereas a high-
spin Fe(III) center with two doubly-reduced PhDi ligands can be proposed for complex 4. The 
change from an acenaphthene to a phenanthrene backbone in homoleptic bis(α-diimine) iron 
complexes thus has an impact on the electronic structure of the complexes (see the Supporting 
Information for a detailed discussion of the quantum chemical calculations).  
Similar to 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] the presence of three potentially redox-
active sites (one iron atom and two α-diimine ligands) renders the redox properties of 3 and 4 
of interest. In case of complex 3, cyclic voltammograms (CVs) of sample 3-1 and sample 3-2  
were recorded. The CV of 3-1 in THF/nBu4NPF6 shows two quasi-reversible processes with 
waves at E1/2 = –1.6 V and –2.2 V vs. Fc/Fc+ and waves assigned to quasi-reversible or 
irreversible processes at –0.4 V and –0.2 V (Figure 17). There is an additional wave at –1.8 V 
which might arise from a secondary redox process or an impurity. Moreover, the CV of sample 
3-2 shows an irreversible reduction at –2.7 V. The CV of sample 3-1 measured under identical 
conditions is similar to that of 3-2 (see the SI, Figure S8). Compared to the CV of 4 (vide infra), 
there is an apparent doubling of redox processes (–1.6 V/–2.2 V and –0.2 V/–0.4 V). This may 
indicate the possible presence of isomers, which is also the case in 57Fe Mößbauer spectra. 
The cyclic voltammogram of complex 4 shows two reversible waves at E1/2 = –0.1 V and –1.2 V 
vs. Fc/Fc+, which may be assigned to the oxidation of 4 by one electron to a presumably neutral 
complex and one further electron to a cationic one, respectively (Figure 18). In contrast to 
complex 3, no doubling of redox processes is observed. Furthermore, the comparison of these 
CVs shows that the diimine ligand has a significant impact on the observed redox potentials. 
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Figure 17. Cyclic voltammogram of 3-2 in THF/nBu4NPF6 in the range –2750 to 500 mV (left, scan rate: 
100 mV s–1) and −2500 to −1400 mV (right, 50 mV s–1). 
 
Figure 18. Cyclic voltammogram of 4 in THF/nBu4NPF6 in the range −2500 to 750 mV (left, scan rate: 
100 mV  s-1) and −1500 to 250 mV (right, 50 mV s–1). 
 
The UV-vis spectra of complexes 3 (sample 3-2) and 4 were recorded in THF are shown in 
Figure 19. Complex 3, which shows a brown color in solution, displays a broad shoulder at 
360 nm (ε = 18000 L mol–1 cm–1). Additional bands are found at 435 nm (ε = 8500 L mol–1 cm–1), 
505 nm (ε = 8000 L mol–1 cm–1), and 588 nm (ε = 4000 L mol–1 cm–1). The UV-vis spectra of 
sample 3-1 and sample 3-2 are identical (see the SI, Figure S7). Complex 4 is deep green in 
solution and shows intense absorptions at 590 nm and 398 nm (ε = 28500 L mol–1 cm–1) and a 
shoulder at 306 nm. The absorption at 590 nm is relatively broad and intense with an extinction 
coefficient of ε = 11500 L mol–1 cm–1.  
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Figure 19. UV-vis spectra of complex 3 (sample 3-2) and 4 in THF. 
6.2.3 Catalytic Hydroboration 
We were interested in investigating the further reactivity of the newly synthesized low-valent 
hetero- and homoleptic α-diimine ferrate complexes. Due to their high reduction potential, it 
was anticipated that complexes 1 – 4 should be excellent candidates as catalysts for reductive 
transformations such as hydrogenation, hydroboration, and hydrosilylation. As already 
mentioned in the introduction it is a key challenge to develop earth-abundant transition metal 
catalysts.[39] As a proof of principle the catalytic hydroboration of carbonyls using HBpin was 
chosen, which is an important organic reaction and affords widely used borate esters and the 
corresponding alcohols by facile hydrolysis. [40],[41] This catalytic reaction has been intensively 
studied using precious metal catalysts, but there has also been recent progress in using 3d 
metal complexes based on Mn,[42] Co,[43] Ni,[44] and Fe.[45]-[50] Although a number of reports on 
iron-catalyzed alkene hydroborations are known, only a few examples for the hydroboration 
of carbonyl compounds are described in literature. Findlater and co-workers reported the 
hydroboration of ketones and aldehydes with HBpin (1.5 equiv.) using catalytic amounts of 
Fe(acac)3 (10 mol%) and NaBEt3H (10 mol%) in THF. The reaction proceeds to completion at 
ambient temperature within one day.[45] Subsequently, Bai and co-workers described a more 
efficient system suitable for various ketones and aldehydes using a lower catalyst loading 
(2.5 mol%) based on a low-coordinate tri-tert-butylphosphoranimido-iron(II) dimer.[46] An 
iron(II) hydride complex was also developed by Tong, Wang and co-workers used for the 
exclusive hydroboration of aldehydes at low catalyst loading (0.1 mol%).[47] One of the most 
active systems for aldehydes so far is an imine coupled [Fe-N2S2]2 complex (0.1 mol%) reported 
Chapter 6. Highly-Reduced α-Diimine Ferrates: Electronic Structure and Catalysis 
220 
by Baker and co-workers, which is capable of reducing aldehydes to primary borate esters with 
HBpin within 30 min at ambient temperature.[48] Two systems based on the cooperation of iron 
and silicon were reported by Fenske and co-workers and So and co-workers. Both systems were 
applied in the hydroboration of ketones at ambient temperature with HBpin and catalyst 
loadings of 1 mol% (Fenske) or 10 mol% (So).[49] Recently, Gade and co-workers showed that a 
chiral bis(oxazolinyl-methylidene)isoindoline iron alkyl complex is able to catalyze the 
hydroboration of various functionalized ketones, which led to chiral halohydrines, 
oxaheterocycles and amino-alcohols after work-up. These reactions were performed at –30°C 
and achieved remarkable turnover frequencies of more than 40000 h–1.[50]  
We decided to investigate the hydroboration of acetophenone using 1 – 4 and pinacolborane 
(HBpin) as a model reaction. Optimization of the reaction conditions was performed using 
α-diimine ferrate 1-[K([18]c-6)(thf)0.5]. Best activity and full conversion were first obtained 
using 0.1 mol% catalyst loading and a small excess of HBpin (1.03 equiv.) at 25 °C in THF. 
Under these optimized conditions, the complexes 2-[K([18]c-6)(thf)2], 3, and 4 were tested as 
well. While the homoleptic complexes 3 and 4 were significantly less active than 1-[K([18]c-
6)(thf)0.5], the heteroleptic complex 2-[K([18]c-6)(thf)2] displayed similar activity. A plausible 
reason for the different reactivities of 1-[K([18]c-6)(thf)0.5]/2-[K([18]c-6)(thf)2] and 3/4 is the 
absence of a vacant coordination site. However, the activation processes for 
1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] must be different due to the fact that 
2-[K([18]c-6)(thf)2] is coordinated by two alkyl ligands.  
 
Table 1. Hydroboration of acetophenone with HBPin using Fe pre-catalysts 1 – 4. 








      
1 1-[K([18]c-6)(thf)0.5] (0.1) 1.03 THF (0.1) 10 >99 
2 2-[K([18]c-6)(thf)2] (0.1) 1.03 THF (0.1) 10 >99 
3 3 (0.1) 1.03 THF (0.1) 10 67 (67) 
4 4 (0.1) 1.03 THF (0.1) 10 55 (55) 
[a] Yields and conversions were determined by quantitative GC vs. internal n-pentadecane. 
 
Complex 1-[K([18]c-6)(thf)0.5] was selected for further investigations. The optimized reaction 
conditions described above using 0.1 mol% of catalyst were applied to various para-substituted 
acetophenone derivatives, in order to investigate functional group tolerance. Gratifyingly, the 
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system was found to be compatible with electron-donating (OMe, Me), as well as 
electron-withdrawing groups (CF3). Furthermore, halogenated (F, Cl, Br, I) acetophenones 
were cleanly hydroborated with no observable dehydrohalogenation, a problem sometimes 
observed for other highly-reduced metalates.[24] Pendant amine (NMe2) and carboxylic ester 
(COOMe) were also tolerated. Furthermore, efficient hydroboration was observed for 3-
methylacetophenone, propiophenone, the aliphatic substrate 2-octanone, and 2-acetyl 
pyridine. More sterically hindered substrates such as 2-methylacetophenone or benzophenone 
were also viable substrates, although slightly extended reaction times were required to achieve 
full conversion. Prolonged reaction times were also necessary for substrates such as 
1-cylohexylethan-1-one, benzaldehyde, and α,β-unsaturated ketones. The hydroboration of 4-
nitroacetophenone was not selective as nitro reduction was observed as well. 4-Acetylphenol 
was not hydroborated at all. Notably, no C=C bond reduction was observed for 
α,β-unsaturated ketone substrates. Moreover, the aldehyde group in 4-acetaldehyde was 
hydroborated more rapidly than the ketone moiety as proven by GC-MS, despite 
benzaldehyde itself requiring a longer reaction time for conversion than acetophenone.  
 
Scheme 4. Substrate scope for the hydroboration of carbonyls catalyzed by 1-[K([18]c-6)(thf)0.5]. Yields 
correspond to isolated alcohols. Reaction conditions: Substrate (1 mmol), HBpin (1.03 mmol), 1 (0.001 mmol), 
THF (0.5 mL), 25 °C. [a] = yield determined by quantitative GC-FID vs. internal n-pentadecane; [b] 30 min; 
[c] 1 h. 
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In order to gain more insight into the reaction mechanism, the model hydroboration reaction 
of acetophenone, the decrease of the C=O stretching band (ν(C=O) = 1689 cm–1) was monitored 
by in situ IR spectroscopy. Full consumption of acetophenone was achieved within 30 seconds 
at 25 °C with a catalyst loading of 0.05 mol% (1-[K([18]c-6)(thf)0.5]); this corresponds to a 
turnover frequency of 220000 h–1. Catalyst 1-[K([18]c-6)(thf)0.5] therefore represents one of the 
most active iron catalysts for the hydroboration of ketones reported to date. For comparison, 
a turnover frequency of 43500 h–1 at –30 °C was reported by Gade and co-workers for 
4'-fluoroacetophenone hydroboration of HBPin using the current state-of-the-art 
bis(oxazolinyl-methylidene)isoindoline iron catalyst.[50] 
 
 
Figure 19. Reaction profile for of the hydroboration of acetophenone by HBpin catalyzed by 1-[K([18]c-
6)(thf)0.5]. Reaction conditions: Acetophenone (2 mmol), HBpin (2 mmol), 1-[K([18]c-6)(thf)0.5] (0.05 mol% 
(left), 0.036 mol% (right)), THF (4 mL), 25 °C. Data points were obtained from time-resolved FT-IR spectra 
(see the SI for details). 
 
In addition to this monitoring study, we also conducted a poisoning experiment using 
mercury, which is known to selectively inhibit the catalytic activity of heterogeneous catalysts. 
The hydroboration of acetophenone by 1-[K([18]c-6)(thf)0.5] was not negatively influenced by 
the presence of mercury (one drop).[51] Several illustrative stoichiometric reactions were also 
carried out. The reaction of a molar 1:1 ratio of 1-[K([18]c-6)(thf)0.5] and HBPin did not lead to 
any new signal in the 11B NMR spectrum, suggesting a lack of any direct, productive reaction 
between these two components. Conversely, a brown solution of 1-[K([18]c-6)(thf)0.5] turned 
immediately green upon addition of one equivalent of acetophenone. Moreover, the ν(C=O) 
stretching band of acetophenone disappeared from the IR spectrum of the resulting mixture, 
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indicating a direct reaction between 1-[K([18]c-6)(thf)0.5] and the substrate. Unfortunately, 
several attempts to crystallize or isolate the resulting species have so far been unsuccessful. 
 
6.3 Conclusion 
Two anionic α-diimine iron complexes 1-[K([18]c-6)(thf)0.5] and 2-[K([18]c-6)(thf)2] were 
synthesized by reduction of α-diimine iron(II) dibromide salts with potassium graphite. The 
iron atoms are tetracoordinated and feature a heteroleptic environment containing a BIAN 
ligand and an additional cod ligand for 1-[K([18]c-6)(thf)0.5],  while a PhDi ligand and a 
dimerization product of norbornadiene are present in the structure of 2-[K([18]c-6)(thf)2]. The 
electronic structures of the ferrate anions in these complexes were analyzed by various 
experimental techniques (1H NMR and EPR spectroscopy, single-crystal X-ray 
crystallography, 57Fe Mößbauer spectroscopy, SQUID magnetization measurement) as well as 
theoretical calculations at the DFT and CASSCF level. The resulting data revealed an Fe(I) 
center with S =1/2 for 1-[K([18]c-6)(thf)0.5] and an Fe(III) center with rare intermediate spin 
S =3/2 for 2-[K([18]c-6)(thf)2]. Both complexes were successfully applied in the catalytic 
hydroboration of carbonyls with HBpin at ambient temperature. In particular complex 
1-[K([18]c-6)(thf)0.5] showed high activity with a TOF = 220000 h–1 for reduction of 
acetophenone and a broad functional group tolerance. 
The homoleptic complexes 3 and 4 are accessible by ligand exchange of the 
bis(anthracene)ferrate(1−) with α-diimine ligands. Compounds 3 and 4 exhibited significant 
lower activity in catalytic hydroboration, but showed interesting molecular properties. 
CASSCF calculations revealed that the quartet (S = 3/2) and sextet (S = 5/2) states are very close 
in energy. While the quartet state is favored for complex 3 with a small energy difference of 
1.7 kcal mol–1, the sextet state for complex 4 is more stable by 3.0 kcal mol–1. The theoretical 
data are in agreement with EPR spectroscopic investigations and metrical data from single-
crystal X-ray crystallography. In case of complex 3 57Fe Mößbauer data and cyclic voltammetry 
indicate the presence of isomers or a second unknown species. Further experiments (e.g. 
additional 57Fe Mößbauer spectra and SQUID magnetization measurements) are needed to 
explain this observation.  
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6.5 Supporting Information  
6.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Chemicals and Solvents: Solvents were dried and degassed with an MBraun SPS800 
solvent-purification system. THF, diethylether were stored over molecular sieves (3 Å). 
n-hexane was stored over a potassium mirror. 1,2-dimethoxyethane was stirred over 
K/benzophenone, distilled and stored over molecular sieves (3 Å). All chemicals were 
purchased from commercial suppliers and used as received, if not stated otherwise. 
[Li2(dme)2{Fe(η4-cod)2}] was synthesized by Julia Märsch according to a protocol of Fürstner 
and co-workers.[1]  
Cyclic Voltammetry: Cyclic Voltammetry experiments were performed in a 
single-compartment cell inside a nitrogen-filled glovebox using a CH Instruments CH1600E 
potentiostat. The cell was equipped with a platinum disc working electrode (2 mm diameter) 
polished with 0.05 µm alumina paste, a platinum wire counter electrode and an Ag/AgNO3 
reference electrode. The supporting electrolyte, tetra-n-butylammonium 
hexafluorophosphate, was dried in vacuo at 110°C for three days. All redox potentials are 
reported vs. the ferrocenium/ferrocene (Fc+/Fc) couple.  
Elemental Analyses: CHN analyses were recorded by the analytical department of the 
University of Regensburg with a Micro Vario Cube (Elementar) 
ESI-MS: ESI-MS spectra carried out by the analytical department of the University of 
Regensburg, Agilent Q-TOF 6549 UHD 
EPR spectroscopy: The experimental X-band EPR spectra was recorded on a Bruker EMX 
spectrometer (Bruker BioSpin Rheinstetten) equipped with a He temperature-control cryostat 
system (Oxford Instruments). The g values were calculated with the ORCA software package[2] 
at the B3LYP[3]/def2-TZVP[4] level of theory. The spectra of 1–4 were analyzed and simulated 
using the W95EPR program of Prof. Frank Neese or the Simultispin extension to EasySpin 
(easyspin.org).  
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NMR spectroscopy: 1H NMR spectra in solutions were recorded on Bruker Avance 300 
(300 MHz) and BrukerAvance 400 (400 MHz) if not stated otherwise. These chemical shifts are 
given relative to solvents resonances in the tetramethylsilane scale. The following 
abbreviations have been used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, 
sept = septet, m = multiplet, dd = doublet of doublet, dt = doublet of triplet. 
Melting point: Melting points were measured on samples in sealed capillaries on a Stuart 
SMP10 melting point apparatus.  
57Fe Mößbauer spectroscopy: 57Fe Mößbauer spectra were recorded with a 57Co source in a Rh 
matrix using an alternating constant acceleration Wissel Mößbauer spectrometer operated in 
the transmission mode and equipped with a Janis closed cycle helium cryostat. Isomer shifts 
are given relative to Fe metal at ambient temperature. Simulation of the experimental data was 
performed with the Mfit program using Lorentzian line doublets.[5] 
Single-crystal X-ray crystallography: The single crystal X-ray diffraction (XRD) data were 
recorded on an Agilent Super Nova diffractometer with an Atlas CCD detector. Microfocus 
Cu Kα radiation (λ = 1.54184 Å) was used in each measurement. Empirical multi-scan[6] and 
analytical absorption corrections[7] were applied to the data. The structures were solved with 
SHELXT[8] and least-square refinements on F2 were carried out with SHELXL.[9] The program 
package Olex2 was used.[10] Crystal data for 1-[Li(thf)], 2-[K([2.2.2]cryptand)(thf)3], 3 and 4 are 
given in section 6.5.4. below. 
Magnetic susceptibility measurements: Temperature-dependent magnetic susceptibility 
measurements were carried out with a Quantum-Design MPMS-XL-5 SQUID magnetometer 
equipped with a 5 Tesla magnet in the range from 200 (or 295) to 2.0 K at a magnetic field of 
0.5 T. The powdered sample was contained in a gelatin capsule or polypropylene bucket and 
fixed in a non-magnetic straw. Each raw data file for the measured magnetic moment was 
corrected for the diamagnetic contribution of the sample holder. The molar susceptibility data 
were corrected for the diamagnetic contribution. 
Experimental data for complex 1 were modelled by using a fitting procedure to the 
appropriate Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for Zeeman 
splitting and zero-field splitting, equation (1). 
𝐻 =  𝜇 ?⃗?𝑆 + 𝐷 𝑆 − 𝑆(𝑆 + 1)          (1) 
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Temperature-independent paramagnetism (TIP) and a Curie-behaved paramagnetic impurity 
(PI) with spin S = ½ were included according to Χcalc = (1  PI)·Χc + PI·Χcmono + TIP 
UV-vis spectra: UV-vis spectra were recorded on an Ocean Optics Flame spectrometer (Varian 
Cary 50 Spectrophometer) in a Quartz cuvette with a layer thickness of 1 cm at room 
temperature with a concentration of 10-4 to 10-6 M.  
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6.5.2 Syntheses of Starting Materials 
DippBIAN was synthesized according to Chapter 2.  
6.5.2.1 Synthesis of [(DippBIAN)FeBr2] 
[(DippBIAN)FeBr2] was synthetized according to an adapted protocol of Hoyt and co-workers.[12]  
 
Anhydrous FeBr2 (1.05 g, 4.85 mmol, 1.0 equiv.) and DippBIAN (2.42 g, 4.85 mmol, 1.0 equiv.) 
were dissolved in 60 mL DCM. The reaction mixture turned green within few minutes and 
was stirred for 16 h. The solution was filtered, the solvent reduced to 40 mL and layered with 
100 mL n-hexane. Dark green needles of [(DippBIAN)FeBr2] were formed within few days and 
dried in vacuo after isolation.  
 
Yield: 2.5 g (34.0 mmol, 83%) 
Chemical formula: C36H40N2FeBr2 (M = 716.38 g mol–1) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 11.6 (2H), 8.9 (4H), 6.5 (2H), 5.0 (2H), 1.7 (12H), 
–3.3 (12H), –15.0 (2H) 
 
6.5.2.1 Synthesis of [K([18]c-6)(thf)2][Fe(η4-C14H10)2]  
[K([18]c-6)(thf)2][Fe(η4-C14H10)2] was synthesized according to a protocol of Ellis and 
co-workers.[13] 
 
FeBr2(dme) (4.59 g, 15.0 mmol, 1.0 equiv.) was dissolved in 150 mL THF and freshly cut 
potassium metal (1.76 g, 45.0 mmol, 3.0 equiv.) as well as anthracene (8.03 g, 45.0 mmol, 
3.0 equiv.) in 200 mL THF. Both solutions were stirred for one day. The FeBr2(dme) solution 
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was cooled to –40 °C and added to the –80 °C cooled K/anthracene solution with a canula. The 
reaction mixture was slowly warmed to room temperature, stirred for one day and filtered. 
18-crown-6 ([18]c-6) was dissolved in 150 mL THF and added to the red-brown filtrate and 
300 mL n-heptane was added. A brown precipitate appeared. Precipitation of 
[K([18]c-6)(thf)2][Fe(η4-C14H10)2] was completed by reducing the solvent to 350 mL and 
subsequent addition of 60 mL diethylether. The red-brown solid was collected on a frit, 
washed with 600 mL diethylether and dried in vacuo. 
 
Yield: 6.51 g (7.6 mmol, 51%) 
Chemical formula: C40H44FeKO6 · (C4H8O)2 (M = 859.94 g mol–1) 
Elemental analysis calcd. for C40H44FeKO6 · (C4H8O)2: C 67.04, H 7.03; found: C 65.72, H 6.33. 
The combustion analysis gave significantly lower C and H values presumably due to the 
presence of residual KBr as an impurity. 
 
6.5.3 Syntheses of Anionic α-Diimine Iron Complexes 
6.5.3.1 Synthesis of [K([18]c-6)(thf)2][(DippBIAN)Fe(η4-cod)] (1-[K([18]c-6)(thf)0.5]) 
 
1,5-cyclooctadiene (1.0 mL, 8.1 mmol, 5.8 equiv.) was added to a solution of [(DippBIAN)FeBr2] 
(1.0 g, 1.4 mmol, 1.0 equiv.) in 100 mL THF. The solution was cooled to –60 °C and KC8 (0.6 g, 
4.4 mmol, 3.15 equiv.) was added in portions over five minutes and then slowly warmed to 
ambient temperature. Meanwhile, the solution turned yellow-brownish. After stirring 
overnight at ambient temperature, the resulting suspension was filtered and [18]c-6 (0.37 g, 
1.4 mmol, 1.0 equiv.) in 15 mL THF was added. The solution was concentrated to 80 mL THF, 
layered with 80 mL n-hexane and stored at –10 °C. Brown-green block shaped crystals were 
formed within a few days. [K([18]c-6)(thf)2][(DippBIAN)Fe(η4-cod)] (1-[K([18]c-6)(thf)0.5]) was 
isolated in 65% yield by decanting the solvent and drying the remaining crystalline solid in 
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vacuo. Crystals suitable for single-crystal X-ray crystallography were obtained by 
recrystallization from THF/n-hexane.  
 
Formula: C56H76N2KFeO6 · (C4H8O)0.5 (M = 1004 g mol–1) 
Yield: 1.09 g (1.086 mmol, 78%)  
1H NMR (400.13 MHz, 300 K, THF-d8): δ [ppm]: 8.63 (m, Int 1), 4.77 (br s, Int 0.7), 4.35 (br s, Int 
1), 3.51 (br s, overlap with THF-d8, Int 12.5), 2.18 (br s, Int 3.3), 1.29 (br s, Int 1.7), 0.89 (br s, Int 
1), 0.43 (br s, Int 2.5), –16.2 (br s) 
Elemental analysis calcd. for C56H76N2KFeO6 · (C4H8O)0.5: C 69.37, H 8.03, N 2.79; found: C 
69.78, H 7.82, N 2.47 
EPR spectroscopy: Measured in MeTHF glass at 20 K. Microwave frequency: 9.37466 GHz, 
Modulation amplitude: 4.000 G, Power: 0.6325 mV. The experimental spectrum could be fitted 
with the following parameters for an S =1/2 system on a nucleus with a nuclear spin of 0. g1 = 
2.217, g2 = 2.095, g3 = 2.005, W1 = 10, W2 = 11 and W3 = 13. 
Magnetic moment (Evans method in THF-d8 at ambient temperature.): µeff = 2.0(1) µB  
Melting point: T > 70°C: decomposition to a black oil 
57Fe Mößbauer spectroscopy: Isomer shift δ = 0.23 mm s—1; quadrupole splitting 
ǀΔEQǀ = 2.26 mm s-1. Calculated ǀΔEQǀ value for [(2,6-dimethylphenylBIAN)Fe(η4-cod)]—: 2.50 mm s—1 at 
the OPBE D3BJ def2TZVP def2/J level of theory using the CP(PPP) basis set for Fe.[4],[14]-[16] 
UV-vis (THF): λmax/nm (ε/L mol-1 cm-1) = 294 (21000), 408 (12000), 697 (5000) 
 
6.5.3.2 Synthesis of [Li)(thf){(DippBIAN)Fe(η4-cod)}] (1-[Li(thf)]) 
 
DippBIAN (75.2 mg, 0.15 mmol, 1.5 equiv.) was dissolved in 2 mL THF and added dropwise as 
cooled (–30°C) solution to a –30°C cold solution of [Li2(dme)2{Fe(η4-cod)2] (46.7 mg, 0.10 mmol, 
1.0 equiv.) in 2 mL THF (Note: the dissolved ferrate contains some black particles). The 
olive-green solution turned dark brown and was warmed up to room temperature and stirred 
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for 24 hours. The solvent was evaporated and residue extracted with 20 mL n-hexane and 
filtered. Dark green-brown crystals were obtained by slow evaporation at room temperature 
and isolated by decanting the mother liquor and dried in vacuo. 
 
Formula: C48H60N2LiFeO (M = 743.81 g·mol–1) 
Yield: 40.8 mg (0.055 mmol, 55%)  
1H NMR (400.13 MHz, 300 K, THF-d8): δ [ppm]: 8.73 (br s), 7.20 (br s), 6.92 (br s), 6.07 (br s), 
5.82 (br s), 5.50 (br s), 5.17 – 4.04 (m), 3.04 – 2.02 (m), 1.39 – 0.82 (m), 0.41 (br s), –0.98 (br s) 
Elemental analysis calcd. for C48H60N2LiFeO: C 77.51, H 8.13, N 3.77; found: C 76.57, H 7.88, 
N 3.55 
 
6.5.3.3 Synthesis of [K([18]c-6)(thf)2][(DippBIAN)Fe(C14H16)] (2-[K([18]c-6)(thf)2]) 
 
[(DippBIAN)FeBr2] (506 mg, 0.71 mmol, 1.0 equiv.) and 2,5-norbornadiene (1.4 mL, 13.8 mmol, 
19.4 equiv.) were dissolved in 10 mL THF and cooled to –70°C. Potassium graphite (KC8, 
304 mg, 2.25 mmol, 3.2 equiv.) was added in small portions. The color changed over orange-
brown to deep green. The reaction mixture was warmed to room temperature and stirred 
overnight. The suspension was filtered and [18]c-6 (187 mg, 0.71 mmol, 1.0 equiv.) in 5 mL 
THF was added to the filtrate. The solution was reduced to 10 mL and layered with 25 mL 
n-hexane. Dark green crystals of [K([18]c-6)(thf)2][(DippBIAN)Fe(C14H16)] (2-[K([18]c-6)(thf)2]) 
were formed within one day, were isolated and dried in vacuo. Recrystallization from 
THF/n-hexane afforded crystals which were suitable for single-crystal X-ray crystallography. 
The same reaction was conducted with [2.2.2]cryptand instead of [18]c-6 to obtain crystals of 
the [2.2.2]cryptand complex 2-[K([2.2.2]cryptand)] suitable for single-crystal X-ray 
crystallography, which was not further characterized. 
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Characterization data for 2-[K([18]c-6)(thf)2]: 
Formula: C62H76N2KFeO6 · (C4H8O)2 (M = 1187 g mol–1) 
Yield: 0.7 g (0.59 mmol, 83%)  
1H NMR (400.13 MHz, 300 K, THF-d8): δ [ppm]: 69.2 (s, Int 1.5), 44.0 (s, Int 1), 30.5 (s, Int 1.2), 
23.4 (s, Int 2), 14.6 (br s, Int 1.7), 14.4 (s, Int 2), 11.6 (s, Int 1.8), 4.9 (br s, Int 6), 4.8 (s, Int 3.5), 
3.4 (s, Int 24, 18[c]-6), –7.9 (m, Int 7.4), –10.2 (s, Int 1,5), –15.6 (s, Int 4.7), –55.4 (br s, Int 0.06) 
Elemental analysis calcd. for C62H76N2KFeO6 · (C4H8O)2: C 70.74, H 8.14, N 2.36; found: 
C 70.57, H 7.84, N 2.13 
EPR spectroscopy: Measured in MeTHF glass at 20 K. Microwave frequency: 9.376835 GHz, 
Modulation amplitude: 4.000 G, Power: 0.6325 mV. The experimental spectrum of 2 can be 
fitted using the following parameters for an S = 3/2 system. g11 = 2.25, g22 = 2.25, g33 = 1.90, D = 
15 cm–1, E = 0.8 cm–1, E/D = 0.05. 
Magnetic moment (Evans method in THF-d8 at ambient temperature): µeff = 3.9(1) µB. SQUID 
magnetization measurement on the solid: χ x T = 2.03 (20 °C) 
Melting point: T > 200°C: decomposition to a black oil 
57Fe Mößbauer spectroscopy: Isomer shift δ = 0.17 mm s–1; quadrupole splitting 
ǀΔEQǀ = 1.32 mm s-1.  
UV-vis (THF): λmax/nm (ε/L·mol–1·cm–1) = 298 (22000), 366 (13500), 418 (8000), 740 (5000) 
 
6.5.3.4 Synthesis of [K([18]c-6)(thf)0.5][(DippBIAN)2Fe] (3) 
 
[K([18]c-6)(thf)2][Fe(η4-C14H10)2] (653 mg, 0.76 mmol, 1.0 equiv.) was dissolved in 60 mL THF 
and DippBIAN (761 mg, 1.52 mmol, 2.0 equiv.) was added as solid to the solution. The color 
immediately changed from green to orange and the reaction mixture was stirred for 48 h The 
solvent was removed and the residue washed with 20 mL n-hexane. The residue was extracted 
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with 40 mL THF and filtered. The solution was layered with 50 mL of n-hexane and stored at 
room temperature. After a few days, black crystals of 3 were isolated (490 mg, 0.35 mmol, 46%) 
and dried in vacuo. Several samples were used for elemental analysis and spectroscopic 
characterization. These samples were obtained by two different methods: 
Samples 3-1: Samples labelled 3-1 were obtained by recrystallizing the crude product from 
THF/n-hexane.  
Samples 3-2: This sample was obtained by recrystallization of a sample 3-1 from 
THF/n-hexane. 
For both types of samples, crystals suitable for single-crystal X-ray crystallography were 
obtained by diffusion of n-hexane into a concentrated THF solution. Several crystalline 
samples were examined by X-ray crystallography. All examined crystals hat the same unit cell 
parameters as reported in section 6.5.4. (vide infra).  
 
Formula: C84H104N2KFeO6 · (C4H8O) (M = 1432.8 g mol–1) 
Yield: crude product 490 mg (0.35 mmol, 46%); sample 3-1: 163 mg (0.11 mmol, 15%); sample 
3-2: 82 mg (0.06 mmol, 7%). 
1H NMR (400.13 MHz, 300 K, THF-d8) of sample 3-2: δ [ppm]: 47.3 (s, Int: 1.0), 46.8 (br s, Int: 
0.8), 7.1 (br s, Int: 3.5), 5.2 (s, Int: 1.5), 3.7 (br s, Int: 6.5), 3.58 (THFcoordinated), 2.8 (br s, Int: 1), 2.3 
(br s, Int: 1), 1.74 (THFcoordinated), 1.29 (n-hexane), 1.2 (br s, Int: 0.4), 1.0 (br s, Int: 0.5), 0.89 (n-
hexane), –3.4 (br s, Int: 2.6), –3.4 (s, Int: 2.8), –11.0 (br s, Int: 1.0), -17.3 (br s, Int: 2.8), –48.3 (br s, 
Int: 0.4) 
Elemental analysis calcd. for C84H104N4KFeO6 · (C4H8O): C 73.77, H 7.88, N 3.91; results for 
sample 3-1: C 72.03, H 7.57, N 3.88; results for sample 3-2: C 73.30, H 7.76, N 3.81.  
EPR spectroscopy: Samples 3-1 and 3-2 were measured in a frozen MeTHF glass at 20 K. Sample 
3-2: Microwave frequency: 9.375682 GHz, Modulation amplitude: 4.000 G, Power: 0.6325 mV. 
Sample 3-2 can be simulated as a S = 3/2 species: g11 = 2.13, g22 = 2.10, g33 = 2.06, D = 20 cm-1, E = 
4.1 cm-1, E/D = 0.20. Sample 3-1: Microwave frequency: 9.375682 GHz; Modulation amplitude: 
4.000 G; Power: 0.6325 mW. Sample 3-1 can be simulated as an S = 3/2 species: g11 = 2.20, g22 = 
2.12, g33 = 2.06, D = 20 cm–1, E = 4.1 cm–1, E/D = 0.20. 
Magnetic moment (Evans method in THF-d8 at ambient temperature): Sample 3-1: 
µeff = 4.7(1) µB; sample 3-2: µeff = 4.7(1) µB  
Melting point (sample 3-1): T > 200°C: decomposition to a black oil. 
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57Fe Mößbauer spectroscopy (sample 3-1): Isomer shift δ = 0.76 mm s–1; quadrupole splitting 
ǀΔEQǀ = 1.63mm s-1. A fitting procedure revealed that the simulated spectrum can be divided 
into two subunits with isomer shifts of δ = 0.75 mm s–1 (share of 75%, sub1) and δ = 0.78 mm s-1 
(share of 25%, sub2). The corresponding quadrupole splitting values are ǀΔEQǀ = 1.60 mm s–1 
(sub1) and ǀΔEQǀ = 2.17 mm s–1 (sub2). 
UV-vis (THF): λmax/nm (ε/L·mol–1·cm–1) = for sample 3-1: 360 (20000, shoulder), 435 (7000), 505 
(6500), 588 (3500); for sample 3-2: 360 (18000, shoulder), 435 (8500), 505 (8000), 588 (4000); 
 
6.5.3.5 Synthesis of [K([18]c-6)(thf)2][(DippPhDi)2Fe] (4) 
 
DippPhDi (92.2 mg, 0.176 mmol, 2.0 equiv.) was dissolved in 2 mL THF, cooled to –30°C and 
added dropwise to a –30°C cold solution of [K([18]c-6)(thf)2][Fe(η4-C14H10)2] (75.5 mg, 
0.03 mmol, 1.0 equiv.) in 2 mL THF. The color immediately changed over brown to green and 
the reaction mixture was stirred for one day. The solvent was removed and the residue washed 
with 8 mL n-hexane. The residue was extracted with 4 mL THF and layered with 1 mL 
n-hexane. Crystals suitable for single-crystal X-ray crystallography were obtained by diffusion 
of n-hexane into a concentrated THF solution.  
 
Formula: C96H124N2KFeO6 · (C4H8O)2 (M = 1557 g·mol–1) 
Yield: 25.4 mg (0.0163 mmol, 19%)  
1H NMR (400.13 MHz, 300 K, THF-d8): δ [ppm]: only solvent signals observed  
Elemental analysis calcd. C96H124N2KFeO6 · (C4H8O)2: C 74.06, H 8.03, N 3.59; found: C 74.18, 
H 7.82, N 3.54 
EPR spectroscopy: Measured in MeTHF glass at 20 K. Microwave frequency: 9.378092 GHz, 
Modulation amplitude: 4.000 G, Power: 0.6325 mV. The spectrum can be simulated as an 
S = 5/2 system using the following parameters: g11 = 2.03, g22 = 2.03, g33 = 2.03, D = 7 cm-1, E = 2.2 
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cm-1, E/D = 0.31. The spectrum can also be simulated as a mixture of two components which 
are both S = 3/2 systems. Component 1: Weight 66.7%, g11 = 2.19, g22 = 2.19, g33 = 2.19, D = 10 cm-
1, E = 0.25 cm-1, E/D = 0.03. Component 2: Weight: 33.3%. g11 = 2.20, g22 = 2.20, g33 = 2.20, D = 10 
cm-1, E = 0.002 cm-1, E/D = 0.00. 
Magnetic moment (Evans method in THF-d8 at ambient temperature): µeff = 5.1(1) µB  
Melting point: no decomposition up to 300 °C 
UV-vis (THF): λmax/nm (ε/L·mol-1·cm-1) = 310 (40000, shoulder), 398 (28500), 590 (11500) 
 
6.5.4 Single-Crystal X-ray Crystallography 
 1-[Li(thf)] 2-[K([2.2.2]cryptand)(thf)3] 
   
Empirical formula  C48H60FeLiN2O C88FeH132KN4O11 
Formula weight  743.77 1516.92 
Temperature/K  123(1) 123(1) 
Crystal system  orthorhombic monoclinic 
Space group  Pmn21 P21 
a/Å  17.5096(3) 13.9042(3) 
b/Å  10.5351(2) 14.0644(2) 
c/Å  10.9916(2) 20.0255(4) 
α/°  90 90 
β/°  90 107.389(2) 
γ/°  90 90 
Volume/Å3  2027.57(6) 3737.10(13) 
Z  2 2 
ρcalcg/cm3  1.218 1.348 
µ/mm-1  3.256 2.646 
F(000)  798.0 1642.0 
Crystal size/mm3  0.209 × 0.165 × 0.142 0.291 × 0.2 × 0.158 
Radiation  CuKα (λ = 1.54184) CuKα (λ = 1.54184) 
2Θ range for data collection/°  8.392 to 147.262 6.882 to 152.086 
Index ranges  
-21 ≤ h ≤ 18, -12 ≤ k ≤ 12, -13 ≤ l 
≤ 13 
-17 ≤ h ≤ 16, -17 ≤ k ≤ 17, -25 ≤ l 
≤ 24 
Reflections collected  14765 31924 
Independent reflections  
3970 [Rint = 0.0379, Rsigma = 
0.0308] 
14978 [Rint = 0.0242, Rsigma = 
0.0313] 
Data/restraints/parameters  3970/2/286 14978/343/800 
Goodness-of-fit on F2  1.043 1.019 
Final R indexes [I>=2σ (I)]  R1 = 0.0359, wR2 = 0.0910 R1 = 0.0586, wR2 = 0.1564 
Final R indexes [all data]  R1 = 0.0383, wR2 = 0.0929 R1 = 0.0603, wR2 = 0.1586 
Largest diff. peak/hole / e Å-3  0.26/-0.38 0.51/-0.53 
Flack parameter -0.007(5) 0.262(5) 
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 3 4 
   
Empirical formula  C92H120FeKN4O8 C96H124FeKN4O8 
Formula weight  1504.86 1556.93 
Temperature/K  123.(1) 123(1) 
Crystal system  monoclinic Monoclinic 
Space group  P21/n P2/n 
a/Å  25.3585(5) 18.7236(2) 
b/Å  13.6726(2) 11.7866(2) 
c/Å  26.9463(5) 19.1757(3) 
α/°  90 90 
β/°  93.452(2) 94.1230(10) 
γ/°  90 90 
Volume/Å3  9325.8(3) 4220.89(11) 
Z  4 2 
ρcalcg/cm3  1.072 1.225 
µ/mm-1  2.096 2.333 
F(000)  3236.0 1674.0 
Crystal size/mm3  0.595 × 0.492 × 0.327 0.659 × 0.237 × 0.128 
Radiation  CuKα (λ = 1.54184) CuKα (λ = 1.54184) 
2Θ range for data collection/°  7.348 to 147.542 6.848 to 147.39 
Index ranges  
-18 ≤ h ≤ 31, -16 ≤ k ≤ 15, -33 ≤ l 
≤ 30 
-23 ≤ h ≤ 21, -14 ≤ k ≤ 10, -23 ≤ l 
≤ 23 
Reflections collected  33019 15447 
Independent reflections  
18024 [Rint = 0.0256, Rsigma = 
0.0355] 
8156 [Rint = 0.0207, Rsigma = 
0.0271] 
Data/restraints/parameters  18024/198/1017 8156/31/515 
Goodness-of-fit on F2  1.017 1.078 
Final R indexes [I>=2σ (I)]  R1 = 0.0548, wR2 = 0.1458 R1 = 0.0612, wR2 = 0.1757 
Final R indexes [all data]  R1 = 0.0642, wR2 = 0.1542 R1 = 0.0636, wR2 = 0.1792 
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6.5.5 1H NMR Spectra 
 
Figure S1. 1H NMR spectrum (400.13 MHz, 300 K, THF-d8) of 1-[K([18]c-6)(thf)0.5]. 
 
Figure S2. 1H NMR spectrum (400.13 MHz, 300 K, THF-d8) of 2-[K([18]c-6)(thf)2]. 
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Figure S3. 1H NMR spectrum (400.13 MHz, 300 K, THF-d8) of 3. 
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6.5.6 EPR Spectra 
a) Sample 3-1 
 
Figure S5. Experimental X-band EPR spectra of sample 3-1 MeTHF glass at 20 K. Experimental parameters: 
Microwave frequency: 9.375682 GHz; Modulation amplitude: 4.000 G; Power: 0.6325 mW. Sample 3-1 can be 
simulated as a S = 3/2 species: g11 = 2.20, g22 = 2.12, g33 = 2.06, D = 20 cm-1, E = 4.1 cm–1, E/D = 0.20. 
 
b) Complex 4 
 
Figure S6. Experimental and simulated EPR spectrum (MeTHF, 80 K) of complex 4 using a S = 3/2 system. 
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6.5.7 UV-vis spectroscopy 
 
Figure S7. UV-vis spectrum of sample 3-1.  
 
6.5.8 Cyclic Voltammetry 
 
Figure S8. Cyclic voltammogram of sample 3-1 in THF/nBu4NPF6, scan rate: 100 mV s–1 
6.5.9 Catalytic Hydroboration 
6.5.9.1 General Procedure 
Under an atmosphere of argon, a 5 mL screw cap vial with a PTFE septum and magnetic stirrer 
was charged with the substrate (1.0 mmol). The iron catalyst was added as solution in 0.5 mL 
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THF, before HBpin (1.03 mmol) was added dropwise with a Hamilton syringe. The reaction 
mixture was stirred for 10 min and subsequently quenched with 10 mL diethylether in air. The 
formed boronic ester was hydrolyzed by addition of 1 mL 3 M NaOH and 1 mL 30% H2O2. The 
organic phase was separated and the aqueous phase extracted three times with diethylether. 
The collected organic phases were dried over Na2SO4, filtered and the solvent was removed. 
The crude products were purified by column chromatography on silica gel.  
The alcohols of acetophenone, benzophenone and 2-octanol were not isolated, but quantified 
with GC-FID. Hence, the reduction was performed on a 0.2 mmol scale and with 20 µL 
n-pentadecane as internal standard.  
 
6.5.9.2 Optimization of Reaction Conditions 
Entry Catalyst (mol%) HBpin 
(equiv.) 
Solvent (mL) Time [min] Yield (Conversion) 
      
1 - 1.03 THF (0.1) 10 14 (14) 
2 1 (0.5) - THF (0.1) 10 0 (3) 
3 1 (0.5) 1.03 THF (0.1) 10 >99 
4 1 (0.1) 1.03 THF (0.1) 10 >99 
5 1 (0.05) 1.03 THF (0.1) 10 71 (70) 
6 1 (0.01) 1.03 THF (0.1) 10 22 (21) 
7 1 (0.05) 1.38 THF (0.1) 10 38 (37) 
8 1 (0.05) 1.03 THF (0.1) 30 82 (81) 
9 1 (0.05) 1.03  THF (0.05) 10 75 (76) 
10 1 (0.05) 1.03  THF (0.05) 120 87 (89) 
11 1 (0.05) 1.03 THF (0.3) 10 25 (26) 
12 1 (0.05) 1.03 DME (0.1) 10 33 (34) 
13 2 (0.1) 1.03 THF (0.1) 10 >99 
14 3 (0.1) 1.03 THF (0.1) 10 68 (67) 
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C9H12O2 152.19 g mol-1 
almost colorless liquid 
Yield 132.7 mg (0.87 mmol, 87%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.2 
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.27 (d, J = 8.5 Hz, 2H, CHAr), 6.87 
(d, J = 8.7 Hz, 2H, CHAr), 4.82 (q, J = 6.4 Hz, 1H, CH), 3.79 (s, 3H, 
O-CH3),  2.19 (br s, 1H, OH), 1.46 (d, J = 6.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 159.0, 138.2, 126.7, 113.9, 70.0, 55.3, 
25.1 
GC-MS tR = 7.37 min, (EI, 70 eV): m/z = 152.1 [M+] 




 C9H10O 136.19 g mol-1 
colorless liquid 
Yield 128.5 mg (0.96 mmol, 94%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.3 
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.27 (d, J = 8.1 Hz, 2H, CHAr), 7.17 
(d, d, J = 8.0 Hz, 2H, CHAr), 4.84 (q, J = 6.4 Hz, 1H, CH), 2.51 (br s, 1H, 
OH), 2.38 (s, 3H, Ar-CH3), 1.49 (d, J = 6.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 143.0, 137.0, 129.2, 125.4, 70.2, 25.1, 
21.1  
GC-MS tR = 5.90 min, (EI, 70 eV): m/z = 136.1 [M+] 
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 C9H12O 136.19 g mol-1 
colorless liquid 
Yield 120.0 mg (0.88 mmol, 89%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.25 
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.51 (d, J = 7.9 Hz, 1H, CHAr),  7.25 
(ps t, J = 7.9 Hz, 1H, CHAr), 7.5 (ps t, J = 7.5 Hz, 1H, CHAr),  7.25 (d, 
J = 7.0 Hz, 1H, CHAr),  ), 5.09 (q, J = 6.4 Hz, 1H, CH), 2.52 (br s, 1H, OH), 
2.35 (s, 3H, Ar-CH3), 1.46 (d, J = 6.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 144.0, 134.2, 130.4, 127.1, 126.4, 
124.6, 66.7, 23.9, 18.9 
GC-MS tR = 6.07 min, (EI, 70 eV): m/z = 136.1 [M+]  




 C9H12O 136.19 g mol-1 
colorless liquid 
Yield 133.2 mg (0.98 mmol, 98%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.18 
Column SiO2, l=20cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.26 (t, J = 7.5 Hz, 1H, CHAr), 7.18 
(t, J = 7.5 Hz, 2H, CHAr), 7.11 (d, J = 7.4 Hz, 1H, CHAr), 4.84 (q, J = 6.5 Hz, 
1H, CH), 2.37 (s, 3H, Ar-CH3), 2.36 (br s, 1H, OH), 1.49 (d, J = 6.5 Hz, 
3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 145.9, 138.1, 128.4, 126.2, 122.5, 70.4, 
25.2, 21.5  
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 C8H9OF 140.16 g mol-1 
colorless liquid 
Yield 124.0 mg (0.89 mmol, 88%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.1 
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.26 (m, 2H, CHAr), 6.97 (m, 2H, 
CHAr), 4.78 (q, J = 6.4 Hz, 1H, CH), 2.64 (br s, 1H, OH), 1.40 (d, J = 
6.7 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 162.1 (d, 1JC-F = 245 Hz), 141.6 (d, 
2JC-F = 21.3 Hz), 127.1 (d, 3JC-F = 8.1 Hz), 115.2 (d, 4JC-F = 3.1 Hz), 69.7, 25.3 
19F-NMR (376.7 MHz, 300 K, CDCl3) δ[ppm]: -116 (m)  
GC-MS tR = 5.03 min, (EI, 70 eV): m/z = 140.1 [M+] 




 C8H9BrO 201.06 g mol-1 
colorless liquid 
Yield 192.3 mg (0.96 mmol, 96%) 
Solvent N-hexane/ethylacetate 5:1; Rf = 0.25  
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.45 (d, J = 8.4 Hz, 2H, CHAr), 7.22 
(d, J = 8.4 Hz, 2H, CHAr), 4.81 (q, J = 6.6 Hz, 1H, CH), 2.17 (br s, 1H, 
OH), 1.45 (d, J = 6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 144.9, 131.6, 127.3, 121.2, 69.8, 25.3 
GC-MS tR = 7.72 min, (EI, 70 eV): m/z = 200.0 [M+] 
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 C8H9ClO 156.61 g mol-1 
colorless liquid 
Yield 145.0 mg (0.93 mmol, 93%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.18  
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.28 (m, 4H, CHAr), 4.83 (q, J = 
6.6 Hz, 1H, CH), 2.28 (br s, 1H, OH), 1.44 (d, J = 6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 144.3, 133.1, 128.7, 126.9, 69.8, 25.3 
GC-MS tR = 6.871 min, (EI, 70 eV): m/z = 156.0 [M+] 




 C8H9IO 248.06 g mol-1 
colorless liquid 
Yield 225.5 mg (0.91 mmol, 91%) 
Solvent n-hexane/ethylacetate 5:2; Rf = 0.4 
Column SiO2, l=27cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.63 (d, J = 8.1 Hz, 2H, CHAr), 7.06 
(d, J = 8.3 Hz, 2H, CHAr), 4.76 (q, J = 6.4 Hz, 1H, CH), 2.66 (br s, 1H, 
OH), 1.41 (d, J = 6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 145.5, 137.5, 127.5, 92.7, 69.7, 25.2 
GC-MS tR = 8.70 min, (EI, 70 eV): m/z = 248.0 [M+]  
HR-MS found: 247.96902 (calcd.: 247.96926) 
 




 C9H9F3O 190.17 g mol-1 
colorless liquid 
Yield 162.0 mg (0.85 mmol, 86%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.25   
Column SiO2, l=18cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.58 (d, J = 8.2 Hz, 2H, CHAr), 7.45 
(d, J = 8.0 Hz, 2H, CHAr), 4.92 (q, J = 6.4 Hz, 1H, CH), 2.43 (br s, 1H, 
OH), 1.47 (d, J = 6.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 149.9, 129.7 (q, 1JC-F = 33 Hz), 125.8, 
125.5 (q, 2JC-F = 4 Hz), 122.9, 69.9, 25.4 
19F-NMR (376.7 MHz, 300 K, CDCl3) δ[ppm]: -63.0 (s, CF3) 
GC-MS tR = 5.36  min, (EI, 70 eV): m/z = 190.1 [M+] 




 C10H12O3 180.20 g mol-1 
colorless liquid 
Yield 168.1 mg (0.93 mmol, 93%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.13 
Column SiO2, l=13cm, ⌀=3cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.94 (d, J = 8.3 Hz, 2H, CHAr), 
7.38 (d, J = 8.2 Hz, 2H, CHAr), 4.8 (q, J = 6.5 Hz, 1H, CH), 2.16 (br m, 
1H, OH), 1.49 (d, J = 6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 150.2, 134.0, 126.5, 112.7, 70.0, 
40.8, 24.8 
GC-MS tR = 9.13 min, (EI, 70 eV): m/z = 180.1 [M+] 
HR-MS found: 180.07777 (calcd.:180.07810) 




 C10H15NO 165.24 g mol-1 
colorless liquid 
Yield 135.0 mg (0.82 mmol, 80%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.15 
Column SiO2, l=14cm, ⌀=3cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.26 (d, J = 8.7 Hz, 2H, CHAr), 6.74 
(d, J = 8.7 Hz, 2H, CHAr), 4.80 (q, J = 6.5 Hz, 1H, CH), 2.16 (br m, 1H, 
OH), 1.49 (d, J = 6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 150.2, 134.0, 126.5, 112.7, 70.0, 40.8, 
24.8 
GC-MS tR = 7.68 min, (EI, 70 eV) 




 C9H12O 136.19 g mol-1 
colorless liquid 
Yield 145.0 mg (0.93 mmol, 93%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.3 
Column SiO2, l=20cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.35 (m, 4H, CHAr), 7.28 (m, 1H, 
CHAr), 4.83 (m, 1H, CH), 2.26 (br s, 1H, OH), 1.78 (m, 2H, CH2), 0.92 (t, 
J = 7.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 144.7, 128.4, 127.5, 126.1, 76.0, 31.9, 
10.2  
GC-MS tR = 5.81 min, (EI, 70 eV): m/z = 136.1 [M+] 
HR-MS found: 136.08835 (calcd.: 136.08827) 
 




 C10H12O 148.18 g mol-1 
colorless liquid 
Yield 122.2 mg (0.83 mmol, 83%) 
Solvent n -hexane/ethylacetate 5:1; Rf = 0.18 
Column SiO2, l=20cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.39 (m, 2H, CHAr), 7.33 (m, 2H, 
CHAr), 7.25 (m, 2H, CHAr), 6.57 (d, J = 16 Hz, 1H, CHAlkene), 6.57 (dd, 
J = 6.6 Hz, 16 Hz, 1H, CHAlkene),  4.49 (ps pent, J = 6.4 Hz, 1H, CH), 2.09 
(br s, 1H, OH), 1.38 (d, J = 6.4 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 136.8, 133.7, 129.4, 128.7, 127.7, 
126.5, 68.9, 23.5 
GC-MS tR = 7.47 min, (EI, 70 eV): m/z = 148.1 [M+] 




 C7H9NO 123.16 g mol-1 
colorless liquid 
Yield 85.3 mg (0.69 mmol, 69%) 
Solvent n-hexane/ethylacetate 5:2; Rf = 0.08 
Column SiO2, l=20cm, ⌀=2.5cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 8.45 (m, 1H, CHAr), 7.62 (t, J = 
7.8 Hz, 1H, CHAr), 7.25 (t, J = 8.2 Hz, 2H, CHAr), 7.12 (m, J = 7.4 Hz, 1H, 
CHAr), 4.83 (q, J = 6.6 Hz, 1H, CH), 4.37 (br s, 1H, OH), 1.44 (d, J = 
6.5 Hz, 3H, CH3) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 163.4, 148.2, 136.9, 122.2, 119.9, 69.1, 
24.3  
GC-MS tR = 4.965 min, (EI, 70 eV)  
HR-MS found: 123.06769 (calcd.: 123.06787) 




C7H8O 108.14 g mol-1 
colorless liquid 
Yield 94.1 mg (0.87 mmol, 87%) 
Solvent n-hexane/ethylacetate 5:1; Rf = 0.15 
Column SiO2, l=13cm, ⌀=3cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 7.4-7.28 (m, 5H, CHAr), 4.63 (s, 2H, 
CH2), 2.47 (br s, 1H, OH) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 141.0, 128.6, 127.6, 127.1, 65.2 
GC-MS tR = 4.58 min, (EI, 70 eV): m/z = 108.1 [M+] 




 C8H16O 128.22 g mol-1 
colorless liquid 
Yield 99.0 mg (0.77 mmol, 79%) 
Solvent n-hexane/ethylacetate 10:1;  
Column SiO2, l=12cm, ⌀=3cm 
1H NMR (400.13 MHz, 300 K, CDCl3) δ[ppm]: 3.51 (quint, J = 6.2 Hz, 1H, CH), 
2.16 (m, 1H), 1.73 (m, 2H), 1.64 (m, 3H), 1.23 (m, 3H), 1.12 (d, J = 6.5 Hz, 
3H, CH3), 0.97 (m, 2H) 
13C{1H}-NMR (100.6 MHz, 300 K, CDCl3) δ[ppm]: 72.3, 45.2, 28.7, 28.5, 26.6, 26.3, 26.3, 
26.2, 20.4 
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6.5.8.3.2 NMR spectra 
 
 




Figure S10. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-methoxy-α-methylbenzyl alcohol.  
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Figure S11.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-methyl-α-methylbenzyl alcohol.  
 
 
Figure S12.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-methyl-α-methylbenzyl alcohol. 
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Figure S14. 13C{1H}-NMR spectrum (100.6 MHz, 300 K, CDCl3) of 2-methyl-α-methylbenzyl alcohol.  
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Figure S16.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 3-methyl-α-methylbenzyl alcohol.  
 
Chapter 6. Highly-Reduced α-Diimine Ferrates: Electronic Structure and Catalysis 
255 
 




Figure S18.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-fluoro-α-methylbenzyl alcohol.  
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Figure S20.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-chloro-α-methylbenzyl alcohol.  
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Figure S22. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-bromo-α-methylbenzyl alcohol.  
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Figure S24.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-iodo-α-methylbenzyl alcohol.  
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Figure S26. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-trifluoromethyl-α-methylbenzyl alcohol.  
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Figure S28. 19F NMR spectrum (376.7 MHz, 300 K, CDCl3) of 4-trifluoromethyl-α-methylbenzyl alcohol.  
 
 








Figure S30. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-methylbenzoate-α-methylbenzyl alcohol. 
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Figure S32. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-dimethylamino-α-methylbenzyl alcohol. 
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Figure S33.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 1-phenylpropran-1-ol. 
 
 
Figure S34.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 1-phenylpropran-1-ol. 
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Figure S35.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 4-phenyl-but-3-en-2-ol. 
 
 
Figure S36.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 4-phenyl-but-3-en-2-ol. 
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Figure S38.  13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 1-(pyridin-2-yl)-ethan-1-ol. 
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Figure S39.  1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of benzyl alcohol. 
 
 
Figure S40. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of benzyl alcohol. 
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Figure S41. 1H NMR spectrum (400.13 MHz, 300 K, CDCl3) of 1-cyclohexylethan-1-ol 
 
 
Figure S42. 13C{1H} NMR spectrum (100.6 MHz, 300 K, CDCl3) of 1-cyclohexylethan-1-ol 
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6.5.9.4 IR Spectroscopy 
Measurement of turnover frequency 
1-[K([18]c-6)(thf)0.5] (1.2 mg, 0.1 mol, 0.05 mol%) and acetophenone (235 µL, 2 mmol) were 
dissolved in 2 mL THF in a 10 mL Schlenk tube and stirred at 25 °C under an atmosphere of 
nitrogen. HBpin (300 µL, 2 mmol) was dissolved in 2 mL THF and added with a syringe. 
Decrease of ν (CO) = 1689 cm–1 stretching vibration was monitored with a ReactIR machine. In 
order to determine the dilution effect an experiment without catalyst was conducted. With this 
information it was possible to convert the peak height into the amount of substrate (mmol).   
 
Turnover frequency (TOF) was calculated with the slope between the first two data points.  
Catalyst loading: 0.05 mol%: turnover = 0.12 mmol/s. TOF = 220000 h–1 





Figure S43. Hydroboration of acetophenone using 0.05 mol% (left), respectively 0.036 mol% (right) of 
1-[K([18]c-6)(thf)0.5]. 
 
Poisoning experiment:  
1-[K([18]c-6)(thf)0.5] (1.4 mg, 0.1 mol, 0.063 mol%), acetophenone (235 µL, 2 mmol) and Hg (one 
drop) were dissolved in 2 mL THF in a 10 mL Schlenk tube and stirred at 25 °C under an 
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atmosphere of nitrogen. HBpin (300 µL, 2 mmol) was dissolved in 2 mL THF and added with 
a syringe.  
 
Figure S44. Hydroboration of acetophenone using catalyst 1-[K([18]c-6)(thf)0.5] (0.063 mol%) without 
poison (red curve) and with addition of one drop of mercury (black curve).    
 
6.5.10 Computational Details 
6.5.10.1 [K([18]c-6)(thf)2][(DippBIAN)Fe(η4-cod)] (1-[K([18]c-6)(thf)0.5]) 
To save computational cost [K([18]c-6)(thf)2][(DippBIAN)Fe(η4-cod)] (1-[K([18]c-6)(thf)0.5]) was 
simplified by omitting the cation and replacing diisopropyl groups by methyl groups. 
Geometry optimization for this truncated complex was performed at the OPBE/def2-TZVP 
level of theory in gas phase. Frequency calculations were carried out to confirm the nature of 
stationary points found by geometry optimisations Population analysis was conducted using 
Löwdin reduced orbital populations per unrestricted natural orbitals (UNO). 
The doubly occupied orbitals with the highest energy are the orbitals 141-145. Here, especially 
142 (3, and 3) 144 (3dxy), and 145 (3dxz) exhibit a high d-orbital character. Together with the 
SOMO 146, which is also d-orbital centered (3 and 3), a d7-configuration can be assumed. The 
orbitals 143-145 possess bonding character from iron to the C–C double bond (143, 144), and 
to the diimine ligand (144, 145). In contrast, the unoccupied orbitals 147-149 show antibonding 
character. The orbitals are displayed with an isosurface value = 0.08. The spin density is mainly 
located on the iron atom with a spin population for iron of 1.42 according to Mulliken 
population analysis. 
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150 (occ.: 0.001, 18% 3, 6% 3,); E = 1.86 eV      149 (occ.: 0.0003, 64% 3dyz) ; E = 1.77 eV 
         
148 (occ.: 0.004, 31% 3dxy); E = 1.62 eV   147 (occ.: 0.009, 31% 3dxz); E = 0.74 eV 
            
146 (occ.: 1.000, 20% 3, 67% 3,); E = –0.16 eV      145 (occ.: 1.991, 58% 3dxz) ; E = –1.11 eV 
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144 (occ.: 1.995, 73% 3dxy) ; E = –1.58 eV        143 (occ.: 1.997, 38% 3dyz); E = –1.61 eV      
           
142 (occ.: 1.999, 67% 3, 21% 3,); E = –2.19 eV       141 (occ.: 1.999) ; E = –2.45 eV      
Figure S45. Löwdin reduced orbital populations per unrestricted natural orbitals (UNO) of 
[(2,6-dimethylphenylBIAN)Fe(η4-cod)]– with an isosurface value of 0.08. 
 
 
Figure S46. Spin density plot of [(2,6-dimethylphenylBIAN)Fe(η4-cod)]– according to Mulliken population analysis 
with an isosurface value of 0.05 
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6.5.10.2 [K([18]c-6)(thf)2][(DippBIAN)Fe(C14H16] (2-[K([18]c-6)(thf)2]) 
State-averaged CASSCF-DLPNO-NEVPT2/def2-mTZVP def2-TZVP/C calculations were 
conducted for three different ground state multiplicities (S = 2, 4, 6) to get an insight into the 
electronic structure of the anion of 2-[K([18]c-6)(thf)2]. The initial guess orbitals were chosen 
from a BP86 def2-SV(P) def2/J calculation. Thereby, the active space was constructed to contain 
the 3d orbitals on iron as well as the bonding interaction between iron and the ligands 
(194-199). Additionally, five orbitals (201-205) of the second d-shell (containing the 4d orbitals 
on iron) were included to aid convergence and to obtain reliable energies. In total, this led to 
an active space of 9 electrons in 12 orbitals. The orbitals are displayed in Figure S44.  
Analysis of the natural orbitals of the active space reveals two metal-ligand bonding orbitals 
(194, 195) and the correlating antibonding orbitals (199, 200), whereas orbital 199 exhibits 
significant 3d orbital character. The orbitals 196, 197, and 198 are almost pure 3d orbitals. 
Analysis of the total energy of the different multiplicities (2, 4, 6) showed that the quartet state 
is energetically most favored and the sextet state (ΔE = +39.9 kcal mol–1) and the doublet state 
(ΔE = +26.6 kcal mol–1) are significantly higher in energy. For the quartet state the contribution 
of the ground-state configuration is 87% (222111000000), which is an Fe(III) intermediate spin 
system with the five 3d orbitals (196-200). Based on these orbitals a d5 configuration on iron 
can be proposed with doubly occupied 196, singly occupied orbitals 197, 198, 199 and 
unoccupied orbital 200. The obtained spin-density from a DFT calculation is in agreement with 
the CASSCF results and is mainly located on the iron atom with a spin population of 2.91 for 
Fe according to Mulliken population analysis, see Figure S45.  
          
205 (occ.: 0.004, 28% 4dyz, 26% 4dxz, 11% 4, 10% 4)   204 (occ.: 0.006, 30% 4dyz, 13% 4) 
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203 (occ.: 0.007, 41% 4, 23% 4dxy, 18% 4dxz)  202 (occ.: 0.012, 51% 4, 26% 4dxz)   
           
201 (occ.: 0.017, 30% 4, 28% 4dxy, 20% 4dyz)       200 (occ.: 0.419, 26% 3dxz, 13% 3) 
           
199 (occ.: 0.739, 52% 3dyz, 23% 3dxy)      198 (occ.: 0.995, 47% 3, 30% 3dxy, 17% 3dxz) 
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197 (occ.: 1.302, 64% 3, 29% 3dxz)    196 (occ.: 1.626, 38% 3dxy, 35% 3, 22% 3dyz) 
           
195 (occ.: 1.909, 26% 3dxz, 15% 3)    194 (occ.: 1.965, 12% 3dyz)   
 
Figure S44. Orbitals of 2 obtained from CASSCF calculation. The orbitals are displayed with an isosurface 
value of 0.05. The occupancies are state-averaged occupancies. 
 
 
Figure S45. Spin density plot of 2 according to Mulliken population analysis (isosurface value = 0.02). 
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6.5.10.3 [K([18]c-6)(thf)2][(DippBIAN)2Fe] (3) 
State-averaged CASSCF-DLPNO-NEVPT2/def2-mTZVP def2-SVP/C calculations were 
conducted for three different ground state multiplicities (S = 2, 4, 6) to get an insight into the 
electronic structure of the anion of 3. The initial guess orbitals were chosen from an OPBE 
def2-SV(P) calculation. Thereby, the active space was constructed to contain the 3d orbitals on 
iron (279, 280, 281, 283-285) as well as the bonding interaction between iron and the ligands 
(279, 282). Additionally, five orbitals (286-290) of the second d-shell (containing the 4d orbital 
on iron) were included to aid convergence and reliable energies. In total, this led to an active 
space of 9 electrons in 12 orbitals. The orbitals are displayed in Figure S46. 
Analysis of the natural orbitals of the active space reveals one double-occupied metal-ligand 
bonding orbital (279). Orbital 282 is singly-occupied and shows strong ligand character, thus 
indicating the presence of a ligand-centered radical. The orbitals 280, 281, 283, 284, and 285 
represent the five 3d orbitals. The latter is the correlating antibonding orbital to 279. 
Analysis of the total energy of the different multiplicities (2, 4, 6) showed that the quartet state 
is favored, but the sextet state is very close in energy (ΔE = +1.7 kcal mol–1). The doublet state 
(ΔE = +21.2 kcal mol–1) is significantly higher in energy. For the quartet state the contribution 
of the ground-state configuration is 75% (221111100000) where two of the electrons are 
coupled. One further state correlating with the composition (221211000000) contributes 
significantly (16%) to the wave function. For the sextet state the contribution of the ground-
state configuration is 98% (221111100000) Based on these results a high-spin Fe(II) species is 
conceivable as there is one electron in orbital 282, which exhibits high ligand character. This 
would result in two BIAN ligands with an averaged formal charge of −1.5 and consequently a 
formal charge of +2 for iron.  
          
291 (occ.: 0.000)     290 (occ.: 0.004 4dyz) 
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289 (occ.: 0.005, 87% 4dxz)     288 (occ.: 0.006, 4dxy)  
          
287 (occ.: 0.008, 51% 4, 38% 4)   286 (occ.: 0.018, 48% 4, 31% 4, 4% 4dxz) 
 
          
285 (occ.: 0.660, 79% 3dyz)    284 (occ.: 0.994, 90% 3dxz, 4% 3,) 
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283 (occ.: 0.995, 95% 3dxy)     282 (occ.: 1.030, 7% 3dyz) 
           
281 (occ.: 1.317, 56% 3, 40% 3)   280 (occ.: 1.970, 56% 3, 36% 3, 5%, 3dxz) 
 
 
 279 (occ.: 1.993, 19% 3dyz)    278 (occ.: 2.000)    
 
Figure S46. Orbitals of 3 obtained from CASSCF calculation. The orbitals are displayed with an isosurface 
value of 0.05. 
 
6.5.10.4 [K([18]c-6)(thf)2][(DippPhDi)2Fe] (4) 
State-averaged CASSCF-DLPNO-NEVPT2/def2-mTZVP def2-TZVP/C calculations were 
conducted for three different ground state multiplicities (S = 2, 4, 6) to get an insight into the 
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electronic structure of the anion of 4. The initial guess orbitals were chosen from an OPBE D3BJ 
def2-TZVP def2/J calculation. Thereby, the active space was constructed to contain the 3d 
orbitals on iron (295-299) as well as the bonding interaction between iron and the ligands (292-
294, 298, and 299). Additionally, five orbitals (300-304) of the second d-shell (containing the 4d 
orbital on iron) were included to aid convergence and reliable energies. In total, this led to an 
active space of 9 electrons in 12 orbitals.  
Analysis of the natural orbitals of the active space reveals two metal-ligand bonding orbitals 
(293, 294) and the correlating antibonding orbitals (298, 299), whereas 298 exhibits significant 
3d orbital character. The orbitals 295, 296, 297, and 298 are 3d orbitals. Orbital 299 also consist 
of high 3d-orbital character (55% 3dyz). Analysis of the total energy of the different 
multiplicities (2, 4, 6) showed that the sextet state is energetically most favored but the quartet 
state (ΔE = +3.0 kcal mol–1) is close in energy. The doublet state (ΔE = +21.0 kcal mol–1) is 
significantly higher in energy For the sextet state the contribution of the ground-state 
configuration is 94% (221111100000), which is consistent with a high-spin Fe(III) center. In 
contrast, for the quartet state the contribution of the ground state is 66% (222111000000). Two 
excited states contribute significantly to the wave function and are d-d transitions. 18% of the 
wave function correlate with the composition (212111100000), whereas 11% represent the 
composition (202111200000). The orbitals are displayed with an isosurface value = 0.05. The 
occupancies are state-averaged occupancies. 
        
304 (occ.: 0.005, 61% 4, 14% 4, 6% 4dxz)  303 (occ.: 0.006, 45% 4dyz, 39% 4dxy) 
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302 (occ.: 0.007, 48% 4dxz, 42% 4dyz)    301 (occ.: 0.009, 70% 4dxy, 19% 4) 
          
300 (occ.: 0.015, 53% 4, 21% 4, 10% 4dxz)           299 (occ.: 0.579, 55% 3dyz) 
         
298 (occ.: 0.714, 62% 3, 16% 3, 6% 3dxz)  297 (occ.: 0.998, 94% 3dxy) 
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296 (occ.: 1.314, 83% 3dxz, 12% 3)       295 (occ.: 1.635, 66% 3, 24% 3, 6% dxz) 
 
294 (occ.: 1.750, 44% 3dyz)                 293 (occ.: 1.969, 16% 3, 3% 3)  
 
292 (occ.: 2.000)  
Figure S47. Orbitals of 3 obtained from CASSCF calculation with an isosurface value of 0.05.  
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Supraicosahedral metallacarboranes are of interest due to various applications in 
catalysis, materials science, and biomedicine.[1] 13-Vertex metallacarboranes (MC2B10) 
dominate this area. The first member of this class of compounds [CpCo(C2B10H12)] (Cp = 
cyclopentadienide), was reported by Hawthorne and co-workers in 1971.[2] In this seminal work, 
the synthesis of the 13-vertex cobaltacarborane was achieved by reduction of the parent 1,2-
dicarba-closo-dodecaborane (C2B10H12) with elemental sodium and subsequent treatment with 
NaCp, CoCl2 and air. This synthetic scheme was called “polyhedral expansion”, a term coined 
by Hawthorne. Subsequently, a large variety of 13-vertex cobaltacarborane derivatives was 
synthesized following this approach in the next decades.[3]-[13] Notably, Stone, Welch and 
co-workers established another synthetic route towards such species in 1984 by treating the 
parent 12-vertex carborane with the low-valent cobalt complex [Co(PEt3)4]. Here a Co(PEt3)2 
fragment was directly inserted into the cluster with the cobalt phosphane complex 
simultaneously acting as the reducing agent and metal source.[14] 
As shown by several groups in electrochemical investigations, neutral 13-vertex 
cobaltacarboranes can be reduced reversibly.[3],[8],[9],[15] Such reduced species were used in situ 
as nucleophilic intermediates for the synthesis of 14-vertex bimetallacarboranes.[12],[16]-[18] 
Despite their synthetic value, only a few anionic 13-vertex cobaltacarboranes have been well 
characterized. One important example is the homoleptic complex anion [4,4’-Co-(1,6-closo-
C2B10H12)2]– A reported as its tetraethylammonium salt by Hawthorne in 1973.[3] Shortly 
afterwards, Hawthorne published the fascinating complex B, where the B–H moieties in the 
5-position of both clusters units in A were formally substituted by cyclopentadienyl cobalt 
fragments.[19] Homoleptic complex C shown in Figure 1, an isomer of A, was synthesized and 
characterized by X-ray crystallography by Welch and co-workers.[8] 
Further detailed electrochemical and spectroscopic studies have shown that a series of 
anionic 13-vertex indenyl cobaltacarboranes with 4,1,6-, 4,1,8-, 4,1,10- and 4,1,12-
CoC2B10 architectures, e.g. D, are accessible by the reduction of neutral precursors.[9] 
These anions were characterized in situ by UV-vis and EPR spectroscopy. 
 




Figure 1. Examples of anionic 13-vertex cobaltacarboranes. For clarity, only the 4,1,6-isomer of D is shown, 
the respective 4,1,8-, 4,1,10-, and 4,1,12-isomers were described in the same work.[9]  
 
7.2 Results and Discussion 
Here we report the synthesis and characterization of a new anionic 13-vertex 
cobaltacarborane, 2, which contains a redox-active bis(iminoacenapthene) (BIAN) 
ligand at cobalt and two phosphanyl moieties attached to the cluster carbon atoms. 
Similar to Stone's approach, this complex is obtained in a facile one-pot procedure from 
1,2-bis(diphenylphosphino)-closo-carborane L and a highly reduced cobaltate anion 1 
(Scheme 1).[20],[21] We describe the structural and spectroscopic characteristics of 2, and 
we propose a mechanism for its formation based on model reactions, NMR 
spectroscopic monitoring and quantum chemical calculations. 
As part of a research program studying the chemistry of phosphanyl-substituted 
carborane compounds,[22] it was presumed that bis(phosphane) L might be a suitable 
chelate ligand for the [Co(BIAN)]− fragment due to the strongly electron-withdrawing 
properties of L. [20],[21] In order to test this hypothesis, the 1:1 reaction of 1 with L was 
performed in THF as shown in Scheme 1. Upon mixing 1 and L in THF, a deep purple 
reaction mixture is formed immediately. In contrast to initial expectations, the desired 
adduct 2’ is not observed at any stage of the reaction; instead, a polyhedral ring 
expansion occurs, resulting in a 13-vertex cluster anion. The deep purple crystalline 
potassium salt 2 can be isolated in 59% yield after work-up and crystallisation of the 
crude product from DME/n-hexane. 31P{1H} NMR spectroscopic monitoring shows that 
the reaction takes approximately 40 h at 50 °C to go to completion. Several reaction 
intermediates can be observed (vide infra), yet the formation of the final product is very 
selective when the reaction is finished.  





Scheme 1. Synthesis of 2 and initially attempted synthesis of 2'. 
 
Crystals of 2 suitable for single-crystal X-ray diffraction (XRD) were obtained by slow 
diffusion of n-hexane into a DME solution. The molecular structure is shown in Figure 2. A 
contact ion pair between [K(dme)3]+ and a 13-vertex cobaltacarborane cluster anion is 
observed, in which the cobalt atom caps a six-membered CB5 ring with typical Co–B distances 
of 2.149(2) – 2.197(2) Å and Co1–C3 of 2.090(1) Å.[4],[5],[7],[22] During the course of the reaction an 
isomerization takes place, and in the final 13-vertex cluster, the carbon atoms occupy the 
positions 1 and 8. Thus, 2 can be classified as a 4,1,8-cobaltacarborane according to common 
numbering schemes of such clusters.[5] Such an isomerization is frequently observed for related 
13-vertex metallacarboranes.[1],[24] The potassium cation K1 interacts with two B–H moieties 
(K1–B5/B6 3.409(1) Å) of the carborane cluster. Cobalt is additionally coordinated by the 
MesBIAN ligand with unexceptional Co–N distances of 1.960(1) Å and 1.935(1) Å. Key bond 
lengths within the MesBIAN framework of this -diimine ligand suggest that it is present in its 
monoanionic form. In particular, the C1–C2 bond (1.420(2) Å) is slightly longer than in the 
structures of closely related dianionic BIAN ligands (1.40 Å for Na2[DippBIAN], DippBIAN = 
bis(2,6-diisopropylphenyliminoacenaphthene)diimine), and the N1–C1 (1.332(2) Å), and 
N2–C2 bonds (1.325(2) Å) are also shorter than expected for a dianionic ligand (1.39 Å for 
Na2[DippBIAN]).[25]  




Figure 2. Solid-state structure of 2 with thermal ellipsoids drawn at the 40% probability level. Selected bond 
lengths [Å] and angles [°]: N1–C1 1.332(2), N2–C2 1.325(2), C1–C2 1.420(2), N1–Co1 1.960(1), N2–Co1 1.935(1), 
Co1–C3 2.090(1), C3–B1 1.549(2), K1···B5 3.409(1), K1···B6 3.409(1), C3–P1 1.837(1), C4–P2 1.867(1), N1–Co1–
N2 82.20(5). Hydrogen atoms are omitted for clarity. 
 
Multinuclear NMR spectra of 2 in THF-d8 are consistent with the crystallographically 
determined molecular structure. The 31P{1H} NMR spectrum shows two singlets at 
28.9 ppm and 24.1 ppm (cf. a shift of 7.8 ppm for the starting material L), while the 1H 
and 13C{1H} NMR data show that the ortho-methyl substituents of the mesityl groups 
are diastereotopic presumably due to hindered rotation around the C(mesityl)–N bond. 
These methyl groups show four resonances in the 13C{1H} NMR spectrum. Two of them 
split into a doublet due to through-space coupling to the phosphorus atom P1, proven 
by a 13C{1H,31P} NMR experiment. The hydrogen atoms of the carborane unit give rise 
to a very broad signal from 4.0 to 0.0 ppm. The 11B and 11B{1H} NMR spectra are typical 
for a metallacarborane framework and show four broad signals in the range of 13.3 to  
–20.9 ppm.  
Due to the presence of three potentially redox-active sites (cobalt atom, MesBIAN, and 
carborane ligand), the redox properties of 2 were of interest. A cyclic voltammogram 
recorded in THF/nBu4NPF6 shows a reversible wave at E1/2 = –0.6 V vs. Fc/Fc+, which may 
be assigned to the oxidation of anion 2 by one electron to a neutral compound 
(Figure 3). In addition, two irreversible waves are observed at +0.5 V and –2.5 V vs. 
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Fc/Fc+, which can be assigned to a second oxidation and a reduction process, 
respectively. 
 
Figure 3. Cyclic voltammograms of 2 in THF/nBu4NPF6. Scan rate: 50 mV s–1. 
 
The UV-vis spectrum of deep purple 2 shows intense absorptions at 320 nm and 504 nm 
( = 51000 L mol–1 cm–1) with a shoulder at 605 nm. A calculated spectrum obtained with 
TD-DFT methods qualitatively confirms the experimental spectrum (Figure 4) and shows that 
the intense absorptions observed in the visible region arise from MLCT transitions involving 
cobalt and the MesBIAN ligand (see the SI, Figure S18) as observed in other main group and 
transition metal BIAN complexes.[25]  
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Figure 4: Calculated (red) and measured UV-vis spectrum of 2. 
 
The electronic structure of 2 was additionally probed by CASSCF calculations (see the 
SI for details). These calculations reveal the strongly covalent nature of the bonding 
between cobalt and the BIAN ligand, making the assignment of an oxidation state to 
the cobalt center somewhat ambiguous. An MO analysis clearly shows that a BIAN-
centerd π*-orbital is partially occupied and thus indicates a redox-noninnocent 
behaviour of the ligand (see the SI for details). This is in line with the solid-state 
molecular structure of 2, which suggests that a monoanionic BIAN ligand is present 
(vide supra).  
To gain insight into the reaction mechanism, a 1:1 reaction between cobaltate 1 and L 
was monitored by 31P{1H} NMR spectroscopy at room temperature, where the rate of 
the reaction was slow enough to detect reaction intermediates (Figure 5). After 30 min, 
a signal at 17.9 ppm was observed (see Figure 5a), which can presumably be assigned 
to 1,2-bis(diphenylphosphanyl)-1,2-dicarba-nido-dodecaborate(12) (nido-L2–) as 
independently confirmed by the detection of the protonated derivative (nido-HL–) in 
electrospray ionisation mass spectra (vide infra).§ After work-up and crystallization of 
the crude product from n-hexane, a mixture of dark orange crystals of 
[(MesBIAN)Co(η4-cod)] (Int-A) and a few crystals of a second complex [(MesBIAN)Co(L)] 
(3) were isolated.‡ 3 is likely formed by reaction of Int-A and remaining L. An isolated 
yield of 17% can be estimated for Int-A assuming that it is by far the major species in 
Chapter 7. Direct Synthesis of an Anionic 13-Vertex closo-Cobaltacarborane Cluster 
 
290 
this mixture. Complex 3 was not detected by 31P{1H} NMR spectroscopy due to its 




Figure 5. 31P{1H} NMR spectra (161 MHz, 300 K, C6D6) of a 1:1 reaction of 1 and L in THF at 25 °C (a-c); 
Reaction NMR at 50 °C in THF (d); Signal at –15.1 ppm = P2Ph4 
 
The molecular structure of Int-A was determined by single-crystal XRD and is shown 
in Figure 6a. A square-planar cobalt(I) complex is observed, which contains an 
η4-coordinated 1,5-cycloctadiene molecule. In addition, a MesBIAN ligand binds via the 
two nitrogen atoms. Using the midpoints of the C=C bonds of cod, the dihedral angle 
between the planar MesBIAN moiety and the cod ligand was determined to be 5.3°, 
which shows that the coordination geometry for cobalt is essentially square planar. The 
C–C and C–N bond lengths of the diimine fragment (C1–C2 1.428(5) Å, C1–N1 
1.316(5) Å, and C2–N2 1.332(5)  Å) are similar to those in the closely related Ni complex 
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[(DippBIAN)Ni(η4-cod)].[26] These values suggest the presence of a monoanionic diimine 
ligand and, consequently, a +I oxidation state for cobalt.[26] 
 
 
Figure 6. Solid-state structures of a) [(MesBIAN)Co(η4-cod)] (Int-A) and b) [(MesBIAN)Co(L)] (3) with 
thermal ellipsoids drawn at the 40% probability level. Selected bond lengths [Å] and angles [°]: For 
Int-A: N1–C1 1.316(5), N2–C2 1.332(5), C1–C2 1.428(5), N1–Co1 1.963(3), N2–Co1 1.976(3), C31–C32 
1.391(6), N1–Co1–N2 83.0(1); For 3: N1–C1 1.340(3), N2–C2 1.322(3), C1–C2 1.432(3), N1–Co1 2.042(2), 
Co1–P1 2.169(6), Co1–P2 2.198(1), P1–C31 1.902(2), P2–C32 1.908(2), C31–C32 1.697(3). P1–Co1–P2 
90.08(2), N1–Co1–N2 83.16(8). Hydrogen atoms are omitted for clarity.  
 
[(MesBIAN)Co(η4-cod)] (Int-A) is paramagnetic with a magnetic moment of 
µeff = 1.8(1) µB determined by the Evans NMR method in C6D6 solution. An EPR 
spectrum of Int-A in toluene glass at 20 K is slightly axial (nearly isotropic) with 
simulated g values of 2.01 (g‖) and 2.00 (gꞱ) (Figure 7, left) indicating a ligand-centered 
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radical. This is also supported by DFT calculations, which show that the spin density 
mainly resides on the MesBIAN ligand (Figure 7, right). 
 
 
Figure 7. Experimental (black) and simulated (blue) X-band EPR spectrum of 3 at 20 K (Microwave frequency: 
9.370555 GHz, power: 0.6325 mW, modulation amplitude: 1.000 G) (left); Spin density plot of 3; M06-D3(0)-
def2-TZVP CPCM(THF); Isosurface value: 0.05 (right).  
Figure 6b shows the single-crystal XRD structure of 3. Both the MesBIAN ligand and the 
ortho-carboranyl bis(phosphane) L act as bidentate chelate ligands, while the cobalt 
atom shows a distorted tetrahedral coordination environment (83.7° between the planes 
P1–Co1–P2 and N1–Co1–N2) (Figure 6b). The bite angle of the bis(phosphane) P1–Co1–
P2 (90.1°) is similar to our previously reported cobalt(III)-phosphanido (90.7°) 
complex.[28] The C–N and C–C distances in the diimine unit of the MesBIAN framework 
(C1–N1 1.340(3) Å, C2–N2 1.322(3) Å, and C1–C2 1.432(3) Å) indicate the presence of a 
MesBIAN– monoanion similar to Int-A.[25] Assuming that the bis(phosphane) ligand L 
remains neutral, this would result in the +I oxidation state for cobalt, for which a 
square-planar coordination is normally preferred. A tetrahedral structure is probably 
observed due to steric repulsion between the bulky mesityl groups and the phenyl 
substituents on L. Further spectroscopic characterization of 3 was unfortunately not 
possible due to the small amount of isolated crystalline material, which could not be 
successfully separated from the major species Int-A.  
When the 1:1 reaction between cobaltate 1 and L is carried out for a longer reaction time, 
the formation of additional intermediates can be observed. As shown in Figures 5b and 
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5c, a new, broad singlet (20.9 ppm, Δν1/2= 74 Hz) was detected by 31P{1H} NMR 
spectroscopy after several hours. The chemical shift is very similar to the final product 
2, thus, this signal can likely be assigned to the symmetric 13-vertex cobaltacarborane 
Int-C shown in Scheme 3. After four days at room temperature, the signals of nido-L2– 
and Int-C are still present, while significant quantities of 2 are formed at this point. As 
shown by Figure 5d, 2 is by far the dominant species observed by 31P{1H} NMR 
spectroscopy after heating at 50 °C for 40 h, showing that the reaction is eventually very 
selective towards the formation of the final product 2. The mechanism shown in 
Scheme 3 can be proposed based on the experimental observations discussed above in 
conjunction with quantum chemical calculations. According to DFT calculations at the 
M06-D3(0)/def2-TZVP CPCM(THF) level of theory (see the SI),[29] it is conceivable that 
the ortho-carboranyl bis(phosphane) ligand L is reduced by 1 in the first step of the 
reaction, forming ortho-L2− and Int-A. The calculations suggest that this step is 
exothermic by –8.4 kcal mol−1. In addition, such a redox reaction is in agreement with 
the reduction and oxidation potentials determined by cyclic voltammetry for 1               
(E1/2 = –1.72 V vs. Fc/Fc+ in THF) and for L (E1/2 = –1.9 V vs. Fc/Fc+ in MeCN).[30] Ortho-
L2– was not directly observed, because it rapidly isomerises to nido-L2− (step 2) in an 
exothermic process (–7.7 kcal mol−1). The latter species was detected by 31P{1H} NMR 
spectroscopy (vide supra). Moreover, the protonated species nido-HL– was also detected 
in electrospray ionisation mass spectra of the reaction mixture (see the SI). A 
substitution of 1,5-cyclooctadiene in 3 by nido-L2– (step 3) followed by concomitant 
oxidation of the resulting intermediate Int-B yields the symmetric 13-vertex 
metallacarborane Int-C, also detected by 31P{1H} NMR spectroscopy. Taken together, 
steps 3 and 4 are exothermic by –7.4 kcal mol–1. An isomerization to the unsymmetrical 
complex 2 is the final step of this sequence (step 5, again exothermic by –13.3 kcal mol1). 
Such an isomerization is commonly observed for related 13-vertex 
metallacarboranes.[1],[24] The mechanism proposed in Scheme 3 is thus in line with all 
NMR spectroscopic and crystallographic observations. The proposed intermediates 
Int-A – Int-C are viable species based on the DFT calculations, and the (mostly 
exothermic) reaction steps add up to a total reaction energy of −36.8 kcal mol–1.§§ 
 





Scheme 3. Proposed mechanism based on experimental and quantum mechanical methods. Cations 
are omitted for clarity. Reaction energies were calculated on the M06-D3(0)def2-TZVP CPCM(THF) 
level of theory. 
 
7.3 Conclusion 
The anionic 13-vertex closo-cobaltacarborane cluster was synthesized by a direct route 
using α-diimine cobaltate [K(thf){(MesBIAN)Co(η4-cod)}] (1) and isolated in a high yield 
of 59%. The mechanism of this transformation was studied by experimental techniques 
(single-crystal XRD, multinuclear NMR spectroscopy and ESI-MS) and through DFT 
calculations. An intermediate [(MesBIAN)Co(η4-cod)] (Int-A) was isolated, while ESI-MS 
data and DFT investigations hint at the formation of a dianionic nido-carborane nido-
L2– as a key intermediate en route to the final cluster 2. These results suggest a redox 
mechanism that is initiated by an electron transfer from 1 to the 
1,2-bis(diphenylphosphino)-ortho-carborane ligand L. Based on the work presented 
here, the synthesis of new anionic, metallacarborane derivatives by reaction of further 
carborane derivatives with low-valent metalate anions[31] should be an appealing 
subject for future investigations.  
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7.4 Notes and References 
Note that the CHN analysis for Int-A is not in agreement with the calculated values for 
C38H40N2Co [found (calc.): C: 76.26 (78.20) H: 6.95 (6.91) N: 4.09 (4.80)]. The observed 
discrepancies are likely due to the contamination of Int-A with a minor amount of 3. 
§ The possible formation of nido-L2− as a reaction intermediate is additionally corroborated by 
an independent experiment, where bis(phosphane) L was reduced with two equivalents of 
potassium graphite (KC8, see the SI). 
§§  The chelate complex 2’ was not observed in any of our NMR spectroscopic investigations. In 
fact, this complex lies higher in energy than 2 by 5.7 kcal mol–1 at the M06-D3(0)/def2-TZVP 
CPCM(THF) level of theory. 
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7.5 Supporting Information 
7.5.1 General Procedures 
All experiments were performed under an atmosphere of dry Argon (Argon 4.6, Linde) using 
standard Schlenk techniques or a MBraun UniLab Glovebox. 
Chemicals and Solvents: Solvents were dried and degassed with an MBraun SPS800 
solvent-purification system. THF, diethyl ether were stored over molecular sieves (3 Å). 
n-hexane was stored over a potassium mirror. 1,2-Dimethoxyethane was stirred over 
K/benzophenone, distilled and stored over molecular sieves (3 Å). All chemicals were 
purchased from commercial suppliers and used as received, if not stated otherwise.  
Cyclic Voltammetry: Cyclic voltammetry experiments were performed in a 
single-compartment cell inside a nitrogen-filled glovebox using a CH Instruments CH1600E 
potentiostat. The cell was equipped with a platinum disc working electrode (2 mm diameter) 
polished with 0.05 µm alumina paste, a platinum wire counter electrode and an Ag/AgNO3 
reference electrode. The supporting electrolyte, tetra-n-butylammonium 
hexafluorophosphate, was dried in vacuo at 110 °C for three days. All redox potentials are 
reported vs. the ferrocenium/ferrocene (Fc+/Fc) couple.  
Elemental Analyses: CHN analyses were recorded by the analytical department of the 
University of Regensburg with a Micro Vario Cube (Elementar). 
ESI-MS: Electron spray ionisation mass spectra were carried out by the analytical department 
of the University of Regensburg, Agilent Q-TOF 6549 UHD. 
EPR spectroscopy: The experimental X-band EPR spectrum of Int-A was recorded on a Bruker 
EMX spectrometer (Bruker BioSpin Rheinstetten) equipped with a He temperature-control 
cryostat system (Oxford Instruments). The g values were calculated with the ORCA software 
package[1],[2] at the B3LYP[3]/def2-TZVP[4] level of theory. The spectrum was analyzed and 
simulated using the W95EPR program of Prof. Frank Neese. 
NMR spectroscopy: 1H, 13C{1H}, 13C{1H,31P}, 11B{1H}, 11B, 31P{1H}, and 31P NMR spectra in 
solutions were recorded on Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz) 
if not stated otherwise. These chemical shifts are given relative to solvents resonances on the 
tetramethylsilane (1H, 13C{1H}), 15% BF3 OEt2 (11B{1H}, 11B), 85% H3PO4 in H2O (31P{1H}, 31P) 
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scale. The following abbreviations have been used for multiplicities: s = singlet, d = doublet, 
t = triplet, q = quartet, sept = septet, m = multiplet, dd = doublet of doublets, dt = doublet of 
triplets. 
Melting point: Melting points were measured on samples in sealed capillaries on a Stuart 
SMP10 melting point apparatus.  
UV-vis spectra: UV-vis spectra were recorded on an Ocean Optics Flame spectrometer (Varian 
Cary 50 spectrometer) in a Quartz cuvette with a layer thickness of 1 cm at room temperature 
with a concentration of 10–4 to 10–6 M.  
Single-crystal X-ray crystallography: The single crystal X-ray diffraction (XRD) data were 
recorded on an Agilent GV1000 with a Titan S2 CCD detector (for 2) and an Agilent Super 
Nova diffractometer with an Atlas CCD detector (for Int-A and 3). Microfocus Cu Kα radiation 
(λ = 1.54184 Å) was used in each measurement. Empirical multi-scan[9] and analytical 
absorption corrections[10] were applied to the data. The structures were solved with SHELXT[11] 
and least-square refinements on F2 were carried out with SHELXL[12]. 
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7.5.2 Synthesis of Starting Materials 
MesBIAN,[9] Cp2Co,[10] [K(thf){Co(η4-cod)}],[13] [K(thf){(MesBIAN)Co(η4-cod)}][12],[13] were 
synthesized according to Chapters 2 and 3. 
 
7.5.2.1 Synthesis of 1,2-Bis(diphenylphosphino)carborane 
1,2-bis(diphenylphosphino)-ortho-carborane was synthesized by an adapted procedure of 
Schröder and co-workers.[14] 
 
o-Carborane (2.54 g, 17.6 mmol, 1.0 equiv.) was dissolved in 100 mL Et2O and cooled to 0 °C. 
n-BuLi (15.0 mL, 37.5 mmol, 2.1 equiv., 2.5 M in n-hexane) was added dropwise within 5 
minutes. A colorless precipitate was formed, and the solution was stirred at 0 °C for 30 min 
and 2 h at room temperature. Freshly distilled PPh2Cl (6.8 mL, 37.5 mmol, 2.1 equiv.) in 10 mL 
Et2O was added dropwise again at 0 °C. The resulting reaction mixture was stirred overnight 
and the bright yellow solution was filtered over a pad of silica. The solvent was removed from 
the clear filtrate and the raw material recrystallized from high-boiling petroleum ether (b.p. 
130 °C). 1,2-Bis(diphenylphosphino)-ortho-carborane (L) was obtained as white crystalline 
solid. 
 
Yield: 1.10 g (2.15 mmol, 12.2%) 
Chemical formula: C26H30P2B10 (M = 512.57 g mol–1) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 7.90 (m, 8H, CHAr), 7.46 (m, 10H, CHAr), 2.17 
(br s, 10H, B10H10)  
11B{1H} NMR (128.4 MHz, 300 K, THF-d8) δ[ppm]: 1.16 (br s), –5.72 (br s), –8.12 (br s), –10.33 
(br s) 
31P{1H} NMR (162 MHz, 300 K, THF-d8) δ[ppm]: 10.1 ppm  
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7.5.2 Synthesis of Anionic 13-vertex-closo-Cobaltacarborane Cluster 
7.5.2.1 Synthesis 
 
[K(thf){(MesBIAN)Co(η4-cod)}] (274 mg, 0.39 mmol, 1.0 equiv.) (1) was dissolved in 10 mL THF 
and added dropwise to a solution of 1,2-bis(diphenylphosphino)-ortho-carborane (200 mg, 
0.39 mmol, 1.0 equiv.) (L) in 10 mL THF. The solution immediately turned red-orange and was 
stirred for 40 h at 50 °C. During that time the color of the reaction mixture became dark violet. 
After the reaction the solvent was removed and the residue dissolved in 15 mL DME. The 
solution was filtered, and the solid residue washed with 3 mL DME. The filtrate was layered 
with 30 mL n-hexane and stored at –35 °C. Dark violet microcrystals were obtained upon 
storing for one week and isolated by decanting the mother liquor. The crystals still contained 
three molecules of DME after drying the powder in vacuo according to 1H NMR spectroscopy. 
Analytically pure, crystalline samples suitable for single-crystal X-ray crystallography were 
obtained by diffusion of n-hexane into a concentrated DME solution.  
 
Yield: 286 mg (0.23 mmol, 59%) 
Chemical formula: C56H70KCoN2P2B10·(C4H8O2)3 (M = 1244.5 g mol–1) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: 7.90 (m, 2H, CHAr(Phosphine)) 7.69 (m, 2H, 
CHAr(Phosphine)), 7.50 (m, 4H, CHAr(Phosphine)), 7.10 (m, 4H, CHAr(Phosphine)), 7.10 (m, 2H, CHBIAN), 7.05 
(m, 8H, CHAr(Phosphine)), 6.83 (m, 2H, CHAr(BIAN), 6.80 (s, 1H, CHAr(Mes)), 6.75 (s, 1H, CHAr(Mes)),6.71 
(s, 1H, CHAr(Mes)), 6.65 (s, 1H, CHAr(Mes)), 5.73 (d, J = 7.2 Hz), 1H, CHBIAN), 5.64 (d, J = 7.2 Hz, 1H, 
CHBIAN), 3.43 (DME, CH2), 3.27 (DME, CH3) 2.40 (two overlapping singlets, 6H, o-CH3), 2.32 (s, 
3H, p-CH3), 2.19 (s, 3H, p-CH3), 1.90 (s, 3H, o-CH3), 1.88 (s, 3H, o-CH3) 
11B NMR (128.4 MHz, 300 K, THF-d8) δ[ppm]: 13.3 (br s), 0.4 (br s), –9.6 (br d), –20.9 (br d) 
11B{1H} NMR (128.4 MHz, 300 K, THF-d8) δ[ppm]: 13.3 (br s), 0.4 (br s), –9.6 (br s), –20.9 (br s) 
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13C{1H} NMR (100.6 MHz, 300 K, THF-d8) δ[ppm]: 153.5, 152.0, 151.4, 145.1 (d, JCP = 21.3 Hz), 
143.9 (d, JCP = 21.0 Hz), 139.8 (d, JCP = 25.3 Hz), 137.8 (dd, JCP = 7.0 Hz, 7.8 Hz), 136.5 (d, 
JCP = 5.5 Hz), 136.4 (d, JCP = 5.8 Hz), 135.8 (dd, JCP = 3.8 Hz, 25.3 Hz), 135.0(d, JCP = 22.6 Hz), 
134.4, 134.2, 133.8, 133.6, 132.8, 132.3, 131.6, 130.8 (d, JCP = 2.6 Hz), 130.5 (d, JCP = 2.5 Hz), 129.1, 
128.9, 128.7, 128.4, 128.3, 128.1, 128.0, 127.9 (d, JCP = 8.0 Hz), 127.6, 127.4 (d, JCP = 3.2 Hz), 
127.3(d, JCP = 2.6 Hz), 124.2, 124.0, 118.2, 118.0, 72.5 (DME), 58.7 (DME), 21.5 (CH3), 21.1 (CH3), 
20.7 (d, JCP = 12.1 Hz, CH3), 20.2 (d, JCP = 9.4 Hz, CH3), 19.5 (CH3), 19.2 (CH3) 
13C{1H,31P} NMR (100.6 MHz, 300 K, THF-d8) δ[ppm]:153.5, 152.0, 151.4, 145.1, 143.9, 139.8, 
137.8, 136.5, 136.4, 135.8, 135.0, 134.4, 134.2, 133.8, 133.6, 132.8, 132.3, 131.6, 130.8, 130.5, 129.1, 
128.9, 128.7, 128.4, 128.3, 128.1, 128.0, 127.9, 127.6, 127.4, 127.3, 124.2, 124.0, 118.2, 118.0, 72.5 
(DME), 58.7 (DME), 21.5 (CH3), 21.1 (CH3), 20.7 (CH3), 20.2 (CH3), 19.5 (CH3), 19.2 (CH3) 
31P{1H} NMR (162 MHz, 300 K, THF-d8) δ[ppm]: 28.9 (s, 1P), 24.2 (s, 1P)  
Cyclic voltammogram (CV): The CV of complex 2 (13.5 mg) was recorded in 10 mL THF and 
with the addition of 380 mg nBu4NPF6 as electrolyte. 
Elemental analysis: calcd. For C68H88B10CoKN2O6P2: found (calc.): C: 63.20 (62.95) H: 6.70 
(6.84) N: 2.02 (2.16) 
Melting point: T > 285 °C: decomposition to a black oil 
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7.5.2.2 NMR spectra 
 





Chapter 7. Direct Synthesis of an Anionic 13-Vertex closo-Cobaltacarborane Cluster 
303 
 




Figure S3. 31P{1H} NMR spectrum (161 MHz, 300 K, THF-d8) of 2.  
 




Figure S4. 11B NMR spectrum (128.4 MHz, 300 K, THF-d8) of 2.  
 
 
Figure S5. 11B{1H} NMR spectrum (128.4 MHz, 300 K, THF-d8) of 2.  
 
7.5.2.3 UV-vis spectra 
 
Figure S6. UV-vis spectrum of 2 in THF.  
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7.5.2.4 Single-crystal X-ray crystallography 
Table S1. Crystallographic data of 2 
Compound 2   
Empirical formula  C68H88B10CoKN2O6P2   
Formula weight  1297.47   
Temperature [K]  123.(1)   
Crystal system  monoclinic   
Space group  P21/c   
a [Å]  13.9629(1)   
b [Å]  13.7270(2)   
c [Å] 36.1365(4)   
α [°]  90   
β [°]  95.597(1)   
γ [°]  90   
Volume [Å3] 6893.2(1)   
Z  4   
ρcalc [g/cm3] 1.250   
µ [mm−1] 3.326   
F(000)  2736.0   
Crystal size [mm3] 0.526 × 0.294 × 0.161   
 2Θ range for data 6.892 to 147.778   
Index ranges -17 ≤ h ≤ 13, -16 ≤ k ≤ 16, -44 ≤ l ≤ 39   
Reflections collected 32794   
Independent reflections 13569 [Rint = 0.0282, Rsigma = 0.0332]]   
Data / restraints / 13569/49/858   
Goodness-of-fit on F2 1.031   
Final R indexes [I>=2σ (I)] R1 = 0.0365, wR2 = 0.0892   
Final R indexes [all data] R1 = 0.0423, wR2 = 0.0926   
Largest diff. peak/hole [e 
Å ] 
0.28/-0.30   
Flack parameter    
CCDC- 1943845   
 
 
7.5.3 Characterization of Intermediate Species 
7.5.3.1 Synthesis 
[K(thf){(MesBIAN)Co(η4-cod)] (1) (126 mg, 0.179 mmol, 1.0 equiv.) was dissolved in 3 mL THF 
and added to a solution of 1,2-bis(diphenylphosphino)-ortho-carborane (L) (93 mg, 
0.181 mmol, 1.01 equiv.) in 3 mL THF. The solution turned orange immediately upon addition 
and was stirred for 30 min. After solvent evaporation, the dark orange residue was dried in 
vacuo and was subsequently extracted with n-hexane (8 mL). Storage of the solution at room 
temperature afforded dark orange crystals of [(MesBIAN)Co(η4-cod)] (3) as the major 
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component and a minor amount of dark orange, almost black crystals of [(MesBIAN)Co(L)] (3), 
which were both characterized by single-crystal X-ray crystallography. 3 could not be further 
characterized due to the small amount of isolated compound, which is formed as a mixture 
with Int-A and L. 3 is presumably formed by reaction of ligand L and 3.  
 
Characterization data for Int-A: 
Yield: 20.3 mg (0.031 mmol, 17%) 
Chemical formula:  C38H40N2Co (M = 583.69 g mol–1) 
1H NMR (400.13 MHz, 300 K, THF-d8) δ[ppm]: Paramagnetic compound with broad signals at 
10.5, 7.8, 0.7 and -2 ppm (see Figure S7). An assignment of these signals was not possible and 
no other resonances were observed from –100 to +100 ppm.  
Elemental analysis: calcd. For C38H40N2Co: found (calc.): C: 76.26 (78.20) H: 6.95 (6.91) N: 4.09 
(4.80). The found CHN values are not consistent with the calculated CHN values. This is likely 
due to contamination of the major species Int-A with complex 3 and ligand L as shown by 
single-crystal X-ray crystallography. 
EPR spectroscopy: The sample was prepared in a nitrogen-filled glovebox in degassed, dry 
toluene and measured in a glass at 20 K. The signal shows very slightly axial symmetry (nearly 
isotropic) with calculated g values: gx = 1.998, gy = 1.994, gz = 2.003 and simulated g values: g‖ = 
2.011, gꞱ = 1.996 (see Figure S10) 
Magnetic moment (Evans method in THF-d8 at ambient temperature): µeff = 1.8(1) µB 
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7.5.3.2 1H NMR spectra 
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7.5.3.3 Single-crystal X-ray crystallography 
Table S2. Crystallographic data of Int-A and 3 
Compound Int-A 3  
Empirical formula  C41H47CoN2 C56H58B10CoN2P2   
Formula weight  626.73  988.01   
Temperature [K]  123.(1) 123(1)   
Crystal system  triclinic monoclinic   
Space group  P-1 P21/c   
a [Å]  8.1878(9)  11.2578(2)   
b [Å]  10.6068(9)  24.1038(4)   
c [Å] 19.841(1)  19.6169(3)   
α [°]  102.644(6)  90   
β [°]  95.457(7)  96.950(2)   
γ [°]  97.860(8)  90   
Volume [Å3] 1651.5(3)  5284.0(2)   
Z  2  4   
ρcalc [g/cm3] 1.260  1.242   
µ [mm−1] 4.294  3.406   
F(000)  668.0  2060.0   
Crystal size [mm3] 0.423 × 0.216 × 0.135  0.292 × 0.259 × 0.176   
 2Θ range for data 8.658 to 148.162  7.336 to 147.688   
Index ranges 
-10 ≤ h ≤ 9, -12 ≤ k ≤ 12, -18 ≤ l 
≤ 24  
-13 ≤ h ≤ 13, -29 ≤ k ≤ 28, 
-24 ≤ l ≤ 24  
 
Reflections collected 9999  20536   
Independent reflections 6275 [Rint = 0.0618, Rsigma = 
0.0826]  
10282 [Rint = 0.0325, 
Rsigma = 0.0418]  
 
Data / restraints / 6275/0/404  10282/0/646   
Goodness-of-fit on F2 1.098  1.060   
Final R indexes [I>=2σ (I)] R1 = 0.0683, wR2 = 0.1661  R1 = 0.0459, wR2 =  
Final R indexes [all data] R1 = 0.0790, wR2 = 0.1728  R1 = 0.0524, wR2 =  
Largest diff. peak/hole [e 0.98/-0.85  0.58/-0.54   
CCDC- 1943847 1943848  
 
7.5.4 Mechanistic Investigations 
7.5.4.1 31P{1H} NMR monitoring 
K(thf){(MesBIAN)Co(η4-cod)] (15 mg, 0.021 mmol, 1.0 equiv.) (1) and 
1,2-bis(diphenylphosphino)-ortho-carborane (10.8 mg, 0.021 mmol, 1.0 equiv.) (L) were 
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7.5.4.2 Stoichiometric reductions with potassium graphite 
a) 1:1 reaction 
 
Potassium graphite (KC8, 5.3 mg, 0.039 mmol, 1.0 equiv.) was added to a solution of 
1,2-bis(diphenylphosphino)-ortho-carborane (L) (19.2 mg, 0.037 mmol, 1.0 equiv.) in 1.0 mL 
DME at ambient temperature. The solution turned light yellow and was stirred for 27 h. After 
addition of a few drops C6D6 the reaction mixture was analyzed by 11B and 31P NMR 
spectroscopy.  
 
31P{1H} NMR (162 MHz, 300 K, C6D6 in DME) δ[ppm]: main signals at: 17.8 (nido-L2-, integral: 
1), 8.0 (L, integral 0.94), –15.1 (P2Ph4) 
11B NMR (128.4 MHz, 300 K, C6D6 in DME) δ[ppm]: 20.8 (br s), –1.5 (m), –9.4 (m), –18.5 (m), -
22.0 (m) 
11B{1H} NMR (128.4 MHz, 300 K, C6D6 in DME) δ[ppm]: 20.1 (br s), –0.9 (s), –2.2 (s), –7.7 (s),      
–9.9 (s), –18.4 (s), –21.9 (s) 
 
 
Figure S8. 31P{1H} NMR spectrum (161 MHz, 300 K, C6D6) of L and 1.0 equiv. KC8 in DME.  




Figure S9. 11B NMR spectrum (128.4 MHz, 300 K, C6D6) of L and 1.0 equiv. KC8 in DME. 
 
 
Figure S10. 11B{1H} NMR spectrum (128.4 MHz, 300 K, C6D6) of L and 1.0 equiv. KC8 in DME. 
 
b) 2:1 reaction 
 
Potassium graphite (KC8, 10.7 mg, 0.079 mmol, 2.0 equiv.) was added to a solution of 
1,2-bis(diphenylphosphino)-ortho-carborane (L) (20.2 mg, 0.04 mmol, 1.0 equiv.) in 1.5 mL 
DME at ambient temperature. The solution turned yellowish and was stirred for 16 h. After 
addition of a few drops C6D6 the reaction mixture was analyzed by 11B and 31P NMR 
spectroscopy.  
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31P{1H} NMR (162 MHz, 300 K, C6D6 in DME) δ[ppm]: main signals at: 17.8 (nido-L2-, integral: 
1), -15.2 (P2Ph4, integral 0.05) 
11B NMR (128.4 MHz, 300 K, C6D6 in DME) δ[ppm]: 20.9 (br s), –2.4 (m), –18.5 (m), –22.0 (m) 
11B{1H} NMR (128.4 MHz, 300 K, C6D6 in DME) δ[ppm]: 20.9 (br s), –2.4 (s), –18.5 (s), –22.0 (s) 
 
 
Figure S11. 31P{1H} NMR spectrum (161 MHz, 300 K, C6D6) of L and 2.0 equiv. KC8 in DME.  
 
 
Figure S12. 11B{1H} NMR spectrum (128.4 MHz, 300 K, C6D6) of L and 2.0 equiv. KC8 in DME. 




Figure S13. 11B NMR spectrum (128.4 MHz, 300 K, C6D6) of L and 2.0 equiv. KC8 in DME. 
 
7. 5.4.3 ESI-MS analysis 
 
 
In an inert atmosphere, [K(thf){(MesBIAN)Co(η4-cod)] (1) (5 mg, 0.0071 mmol, 1.0 equiv.) and 
1,2-bis(diphenylphosphino)-ortho-carborane (L) (3.6 mg, 0.0071 mmol, 1.0 equiv.) were 
dissolved in DME (1 mL). The solution was added dropwise to the cobaltate solution. The 
solution immediately turned orange and was diluted to a concentration of around 10–4 mol·   
L–1. The solution was injected into the ESI-MS spectrometer with a Hamilton syringe. The 
sample was analyzed using a negative fragmentator potential (–120 V). The simulation 
suggests that the observed species has the molecular formula B10C26H31P2 (nido-HL–) This 
means that ligand L was reduced by two electrons and subsequently protonated, which 
underlines the hypothesis that a dianionic nido-carborane (nido-L2–) is initially formed. 
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Figure S14. ESI Scan (4.465 min) Frag = –120.0 V.  
 
 
Figure S15. ESI Scan (4.465 min) Frag = –120.0 V (zoom). 




Figure S16. Simulation of mass spectrum of C26P2B10H31. 
 
7.5.5 Computational Details 
General Methods 
All calculations were carried out with the ORCA program package.[1],[2] All geometry 
optimisations were performed at the BP86-D3BJ/def2-TZVP[4],[15]-[18] level of theory in the gas 
phase. Frequency calculations were carried out to confirm the nature of stationary points 
found by geometry optimisations. Density fitting techniques, also called resolution-of-identity 
approximation (RI),[19] were used for GGA calculations, whereas the RIJCOSX[20] 
approximation was used for all other calculations. To save computational cost, all mesityl 
groups on the BIAN ligand were replaced by phenyl groups, except for the calculations 
presented in the CASSCF and TD-DFT sections where only the methyl groups in the para-
position were replaced by hydrogen atoms. Final-single point energies for the mechanistic 
investigations have been obtained at the M06-D3(0)/def2-TZVP[4],[16],[21],[22] CPCM(THF)[23],[24] 
level of theory.  
CASSCF calculations  
α-Diimine complexes potentially exhibit open-shell singlet character (or broken-symmetry 
character in the framework of density functional theory) due to the non-innocent ligand 
system.[25] This behaviour imposes challenges to single-reference methods. Therefore, we 
conducted CASSCF-DLPNO-NEVPT2/cc-pVTZ [26]-[28] calculations to get an insight into the 
electronic structure of 2. The initial guess orbitals were chosen from a PBE/def2-SVP 
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calculation. Thereby, the active-space was constructed to contain the 3d orbitals on cobalt as 
well as the bonding-interaction between cobalt and the ligands. Additionally, three orbitals of 
the second d-shell (containing the 4d orbital on cobalt) were included to aid convergence. In 
total, this led to an active space of 10 electrons in 10 orbitals. Analysis of the natural orbitals of 
the active space reveals six 3d electrons on cobalt (245, 246, 248), two metal−ligand bonding 
orbitals (247, 249) and their correlating antibonding orbitals (251, 250) and finally three 4d 
orbitals on cobalt (252, 253, 254), which present the above-mentioned double-shell of the 
occupied 3d orbitals on Co. The orbitals 247 and 250 are almost equally distributed over the 
metal atom and the BIAN ligand framework, which indicates a strong covalent interaction 
between the metal atom and the ligand. For this reason, an assignment of an oxidation state to 
Co remains ambiguous (see the main text). As discussed in the main text, partial reduction of 
the BIAN ligand can be deduced from the orbitals 249 and 250, which resemble the Co-BIAN 
π-bonding and π-antibonding orbitals. Their respective occupations, 1.776 and 0.231, indicate 
dominant closed-shell character of 2 (occupations of 2.00 and 0.00 would account for an ideal 
closed-shell compound, whilst equal occupations of 1.000 would account for an ideal open-
shell singlet species). This can also be deduced by looking at the composition of the CASSCF 
wave function: The contribution of the ground state configuration state function is 80%, whilst 
higher configuration state functions (corresponding to excited states in a single-reference 
framework) contribute the remaining 20%, indicating some multi-reference character of 2. The 
configuration state function where 250 is doubly occupied and 249 is empty shows the most 
significant contribution of all higher configuration state functions to the overall wave function 
(8%, a contribution of 50% would indicate an ideal open-shell singlet species). 
  
254 (occ.: 0.025, 47% 4) 253 (occ.: 0.035, 10% 4, 37% 4dxz) 




252 (occ.: 0.063, 30% 4, 12% 4dxz) 251 (occ.: 0.087, 59% 3dxy) 
  
250 (occ.: 0.231, 37% 3dyz) 249 (occ.: 1.776, 42% 3dyz) 
  
248 (occ.: 1.928, 47% 3, 13% dxz, 10% dxy) 247 (occ.: 1.930, 41% 3d) 
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246 (occ.: 1.954, 58% 3dxz, 16% 3) 245 (occ.: 1.971, 69% 3, 12% 3dyz) 
Figure S17: CASSCF natural orbitals of 2. For each orbital, the occupation (occ.) and the highest contribution 
of d orbitals on cobalt as derived from Löwdin population analysis are given. For orbital 247, the sum of all 
contributions is given, since all 3d orbitals atomic orbitals of Co contribute significantly to this orbital. Surface 
isovalue = 0.06. 
TD-DFT calculations on 2 
TD-DFT calculations on 2 have been conducted at the M06/def2-TZVP level in the gas phase. 
Compared to the experimental absorption spectrum, the calculated absorption spectrum is 
blue-shifted, however, the overall shape agrees reasonably well (Figure S24). Looking at the 
difference densities of the most intense transitions (as judged by the calculated oscillator 
strengths fosc) in the visible region of the spectrum allowed for the assignment of these 
transitions as MLCT (d−π*) bands (Figure S18).  
  
3 (652 nm, fosc = 0.016355562) 6 (502 nm, fosc = 0.314564984) 




10 (428 nm, fosc = 0.412937032) 12 (417 nm, fosc = 0.173695227) 
Figure S18: Difference densities for selected excited states of 2 (transitions proceed from blue to yellow). 
Surface isovalue = 0.004 (0.002 for state 6) together with calculated wavelengths of the transitions and 
oscillator strengths.  
Cartesian Coordinates of optimized structures  
1,2-bis(diphenylphosphino)-ortho-carborane (L)  
P   2.65421812827846      7.37367936317896      2.78173969969008 
  P   3.53792233623493      6.82168171269276      5.86861568339196 
  C   1.62794338499846      5.86772146188883      0.71383297497796 
  H   1.25145405334320      5.25661069314031      1.53582479807679 
  C   3.50482871751196      4.61880010358639      7.52445185444037 
  H   2.70869167948196      4.30149714390811      6.84747205798437 
  C   4.13646668442575      5.85537221217030      7.31088996442934 
  C   5.13979060170252      6.27190645772864      8.19565343200451 
  H   5.61755173831239      7.24188826194006      8.06470385563254 
  C   3.94880568920122      8.55409006036635      6.30887974614204 
  C   2.37880505817515      7.02004766272085      1.00021236831990 
  C   4.00710841794903      9.91173258793522      2.30532494622536 
  H   4.83969251743492      9.39001749138482      1.83831269554040 
  C   2.58791468138369      7.44249763635032     -1.37852499764891 
  H   2.95878805797633      8.06389929989575     -2.19472720134997 
  C   2.82268562654551      9.35719401229529      6.55245250444069 
  H   1.82752654515217      8.92213273346985      6.44052786829250 
  C   1.85964628262676      9.89728874656466      3.41286269852417 
  H   1.01369266398171      9.34033209857496      3.82113407570257 
  C   2.91601762544916      9.18936839332278      2.81569832749948 
  C   4.04293104474799     11.30253597161177      2.40761516506161 
  H   4.90316240445037     11.84863313275646      2.01761096514557 
  C   5.22464466757606      9.12802423405939      6.43473060839706 
  H   6.11476218122891      8.53134478833964      6.24464536624530 
  C   4.23512728705153     11.25811732210594      7.02737298154846 
  H   4.34946539494722     12.30837341432243      7.29852571156967 
  C   4.36810584592864      6.60120533681744      2.97794624626085 
  C   4.82882851304501      6.30042952179625      4.59220173402316 
  C   1.88685635067438     11.28958098855894      3.49852826036296 
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  H   1.05776735617714     11.82096018978326      3.96744615268843 
  C   2.84544070445746      7.81191704895525     -0.05741707025910 
  H   3.40672771117707      8.72302603678663      0.14602564361602 
  C   1.86099334174220      6.28149652367122     -1.65623364028814 
  H   1.66468616083083      5.99380525530339     -2.68993712095068 
  B   6.63900717404658      5.30621247165283      2.05237475543443 
  H   7.28165522171954      4.95474078105675      1.11242145350078 
  C   4.91056343265526      4.21062854196673      9.44717184417400 
  H   5.21641642084850      3.57100218917654     10.27625287597001 
  C   3.89529126879862      3.79656096366799      8.58137156161590 
  H   3.40413475001513      2.83440938063756      8.73046168245222 
  B   7.14057075431222      6.66052359873432      3.09713554700303 
  H   8.13509176578877      7.29596883249055      2.93267305199981 
  B   7.12049400522332      4.99361588991841      3.73227626836761 
  H   8.11884292123169      4.41509886132926      4.03072964337238 
  C   5.52536681530506      5.45108229207229      9.25642985211772 
  H   6.31135685320181      5.78108821888734      9.93762162454328 
  C   1.37814948207683      5.49526586872721     -0.60699283661161 
  H   0.80369593543358      4.59222046437131     -0.81739878087299 
  C   2.98490643040274     11.99476386967591      3.00384974921794 
  H   3.01969810588065     13.08241006627796      3.08443822067002 
  B   5.67574737158347      7.47185836106992      3.66810644342107 
  H   5.53013513110651      8.61342107736588      3.92640718274682 
  B   5.64816669037003      4.79852520954694      4.69947746568914 
  H   5.50827516224039      4.15638102704097      5.68571765154592 
  C   5.36430538707936     10.47050947597156      6.78510760198997 
  H   6.36187291447794     10.90418975734894      6.86931247162482 
  B   6.52549895626849      6.33272689941659      4.72972564417357 
  H   6.99233237374000      6.73869017527642      5.74440428837198 
  B   4.86893000655181      5.30264371207403      1.97844379907883 
  H   4.19086738326003      5.00851391532215      1.05227693166114 
  B   5.74649307202835      6.83880637081438      2.01124452741327 
  H   5.65922598667361      7.60145731725574      1.10265428959927 
  C   2.96257344054461     10.69690899655798      6.91655775239368 
  H   2.07577368293290     11.30481429693753      7.09838106678239 
  B   5.69518629969760      4.16194388156621      3.04846628578558 
  H   5.65089244946001      2.98915377401615      2.84332318938023 
  B   4.25283926862194      5.00124948977591      3.61715176051994 
  H   3.16478764392036      4.58527666617886      3.85281601118934 
 
Dianionic ligand L2– (ortho-L2–)  
P      2.270395    6.978628    1.786529 
  P      3.608758    7.161786    6.189151 
  C      3.140017    6.393960   -0.816587 
  H      3.451494    5.444613   -0.379637 
  C      5.648195    6.678135    8.179240 
  H      6.295119    7.327864    7.589320 
  C      4.317608    6.480288    7.769185 
  C      3.509778    5.625167    8.537710 
  H      2.482348    5.445917    8.210254 
  C      4.427781    8.813825    6.311435 
  C      2.610883    7.394299    0.027545 
  C      3.410954    9.589848    2.237792 
  H      4.077680    9.383722    1.399803 
  C      2.354386    8.825931   -1.939552 
  H      2.044728    9.782852   -2.369882 
  C      3.820881    9.742957    7.176439 
  H      2.922356    9.439428    7.721494 
  C      1.627480    8.900248    3.704113 
  H      0.897545    8.148550    4.011554 
  C      2.436069    8.639585    2.588329 
  C      3.558220   10.767778    2.970137 
  B      5.641750    4.176388    2.361604 
  H      6.200093    3.391843    1.636272 
  C      5.325533    5.212259   10.085838 
  H      5.718992    4.718213   10.977793 
  C      6.146375    6.050562    9.321908 
  H      7.187050    6.210723    9.616689 
  B      6.404191    5.690579    3.032615 
  H      7.507001    6.035022    2.688784 
  B      6.126825    4.224667    4.065215 
  H      6.995093    3.470481    4.424583 
  C      4.001792    4.999246    9.684993 
  H      3.353113    4.337884   10.266003 
  C      3.280080    6.612192   -2.187152 
  H      3.709464    5.825305   -2.812732 
  C      2.744626   11.014220    4.080939 
  H      2.898112   11.909217    4.686001 
  B      4.941020    6.794487    3.389845 
  H      5.123572    7.967863    3.251461 
  B      4.766959    4.625436    5.102295 
  H      4.567002    4.144943    6.183222 
  C      6.073602   10.516279    5.747555 
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  H      4.344205   11.478243    2.703481 
  C      5.570908    9.218319    5.605221 
  H      6.060715    8.513548    4.937021 
  C      5.462796   11.427609    6.612249 
  H      5.857176   12.441661    6.716536 
  C      3.686689    6.109255    2.452788 
  C      4.435961    6.235273    4.891635 
  C      1.781980   10.073762    4.448338 
  H      1.174173   10.233485    5.341151 
  C      2.219112    8.611326   -0.566111 
  H      1.806299    9.402490    0.062950 
  C      2.889310    7.827979   -2.762292 
  H      3.003511    7.996503   -3.835999 
  H      6.955288   10.813755    5.174309 
  B      6.020174    5.829153    4.758224 
  H      6.816868    6.256587    5.551045 
  B      3.938957    4.516317    2.143306 
  H      3.254333    3.968270    1.317079 
  B      5.156951    5.769693    1.790375 
  H      5.414209    6.217846    0.706422 
  C      4.333842   11.029222    7.339657 
  H      3.843043   11.730870    8.019748 
  B      4.441681    3.709754    3.633364 
  H      4.084054    2.569458    3.788670 
  B      3.428641    5.273763    3.881880 
  H      2.282399    5.162543    4.235641 
 
Dianionic nido-ligand (nido-L2–) 
P     12.767632    8.993113   21.032991 
  P      9.283148    7.258670   24.682926 
  C      9.385112    7.505835   22.879073 
  B      9.993972   10.002890   21.606907 
  C     13.411655    7.263132   20.996019 
  C     14.803199    7.078520   21.091924 
  H     15.448013    7.958213   21.174361 
  C     15.367163    5.802186   21.076116 
  H     16.451947    5.684155   21.144226 
  C     14.541808    4.674936   20.982304 
  H     14.976618    3.672235   20.975980 
  C     13.156087    4.845308   20.909958 
  H     12.498287    3.975433   20.848028 
  C     12.592458    6.124997   20.918083 
  H     11.509352    6.252254   20.834791 
  C     13.249175    9.513451   19.325112 
  C     13.596745    8.637610   18.284022 
  H     13.575611    7.562662   18.463182 
  C     13.949322    9.127167   17.023772 
  H     14.205796    8.426417   16.224864 
  C     13.949757   10.502881   16.773599 
  H     14.218141   10.883903   15.785089 
  C     13.592054   11.386230   17.798017 
  H     13.573316   12.463051   17.611826 
  C     13.251978   10.894246   19.058875 
  H     12.965720   11.582086   19.857719 
  C     10.640150    6.081787   25.068976 
  C     11.520003    5.613195   24.082156 
  H     11.336353    5.894767   23.046469 
  C     12.621157    4.822562   24.417999 
  H     13.301491    4.497420   23.628222 
  C     12.850861    4.460920   25.749038 
  H     13.712799    3.842657   26.012024 
C     11.977969    4.915602   26.745622 
  H     12.153496    4.649618   27.791763 
  C     10.896936    5.732009   26.408985 
  H     10.241840    6.119891   27.193916 
  C      7.791752    6.213498   24.968819 
  C      7.780544    4.958736   25.599164 
  H      8.725556    4.485290   25.869907 
  C      6.578477    4.293368   25.863488 
  H      6.601337    3.313117   26.348276 
  C      5.357687    4.862526   25.493713 
  H      4.418899    4.339287   25.691182 
  C      5.355834    6.106727   24.848278 
  H      4.412916    6.555822   24.527010 
  C      6.551742    6.773230   24.593851 
  H      6.541786    7.732812   24.073101 
  B     10.464582    8.562324   22.550155 
  B      8.632712    9.012829   22.385971 
  B      8.507004    6.823179   21.847438 
  H      7.730008    5.960075   22.192813 
  B      7.704087    8.218120   20.845866 
  B      8.460132    9.790958   20.787596 
  H      7.755724   10.765920   20.740399 
  B     10.016854    9.641761   19.893148 
  H     10.504440   10.462924   19.166883 
  B      8.660612    8.618764   19.427437 
  B      8.758443    7.031433   20.134759 
  H      8.291855    6.111441   19.495716 
  B     10.245989    7.855251   19.786089 
  H     10.983375    7.488207   18.899088 
  C     10.961652    8.757285   20.979427 
  H      7.990544    9.532959   23.263080 
  H      8.181464    8.809203   18.336295 
  H      6.498803    8.164520   20.904149 
  H     10.445317   11.051945   21.981633 
  H     11.199492    8.934331   23.438572 
 
1,5-Cyclooctadiene 
C   -0.41185212371428      3.41590588214800     10.31328503005713 
  H   -0.44136709306268      2.33414663681654     10.47962611323184 
  C   -1.39608204280898      4.13019745659533     10.87830844435137 
  H   -2.15020447798168      3.56072998925915     11.43240906101921 
  C   -1.64539244085067      5.61402026003244     10.87918515304142 
  H   -1.98000271498881      5.89392818306824     11.89348479818368 
  H   -2.51115693392225      5.83047534803359     10.22533583318824 
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  C   -0.47638422186483      6.53824937958188     10.48044803200364 
  H   -0.20871935036117      6.37652281925826      9.42964577987667 
  H   -0.84011057324584      7.57577430564365     10.53800811817250 
  C   0.72502592392791      6.40267634731401     11.38360769428802 
  H   0.76830652815249      7.12630871605275     12.20409951787104 
  C   1.71582044873241      5.50038728670505     11.33567902015101 
  H   2.48765385793220      5.58821061462692     12.10807748072953 
  C   1.95224064928247      4.36339303363498     10.37905677353430 
  H   2.30556438514229      3.50027526950277     10.97017175693717 
  H   2.80230440076682      4.62276433336367      9.72026836618447 
  C   0.76687236327611      3.90230481398781      9.50623678118875 
  H   0.47594259093813      4.69954435897611      8.81218153347965 
  H   1.12280082465037      3.07366496539885      8.87478471251035 
 
[(PhBIAN)Co(η4-cod)]– (phenyl substituted 1) 
Co     0.176648    4.284464   12.571629 
  N      0.370934    5.004246   14.367305 
  N      0.038557    2.582977   13.505580 
  C      0.341899    4.037148   15.326803 
  C      0.113474    2.720427   14.858617 
  C      0.089903    1.806819   16.003703 
  C     -0.024527    0.436191   16.212321 
  H     -0.148265   -0.256419   15.380156 
  C      0.014046   -0.067349   17.543247 
  H     -0.078729   -1.146562   17.688390 
  C      0.156273    0.750595   18.653271 
  H      0.171835    0.323289   19.658638 
  C      0.288363    2.163747   18.477181 
  C      0.441250    3.143723   19.507577 
  H      0.461410    2.833975   20.555055 
  C      0.557137    4.482390   19.167054 
  H      0.665753    5.224044   19.962377 
  C      0.548470    4.940773   17.819364 
  H      0.653122    6.006017   17.614797 
  C      0.413005    4.014627   16.789991 
  C      0.265192    2.636552   17.160500 
  C     -0.397320    1.368541   12.958797 
  C      0.328511    0.775072   11.909390 
  C     -0.116351   -0.401027   11.308634 
  H      0.466097   -0.844394   10.497804 
  C     -1.299709   -1.015107   11.736160 
  C     -2.034649   -0.427413   12.772247 
  H     -2.967999   -0.885858   13.107263 
  C     -1.591860    0.748548   13.376996 
  C      0.809019    6.292868   14.701021 
  C      2.020096    6.515388   15.386601 
  C      2.461922    7.811335   15.651293 
  H      3.407982    7.959772   16.177143 
 C      1.710022    8.917594   15.239594 
  C      0.510350    8.705593   14.549546 
  H     -0.085501    9.558439   14.216562 
  C      0.066356    7.412149   14.281586 
  C     -0.879665    3.745299   10.948157 
  H     -1.436468    2.831964   11.174892 
  C     -1.375612    4.955488   11.522885 
  H     -2.276148    4.874479   12.144786 
  C     -1.147973    6.326335   10.910866 
  H     -1.530042    7.083201   11.613767 
  H     -1.730077    6.458859    9.974540 
  C      0.357334    6.576867   10.668503 
  H      0.621146    6.349536    9.621416 
  H      0.588597    7.643812   10.814253 
  C      1.195643    5.735314   11.624071 
  H      1.768299    6.308940   12.357897 
  C      1.694896    4.437551   11.295503 
  H      2.611154    4.116695   11.807056 
  C      1.439742    3.758209    9.961763 
  H      1.836101    2.732264   10.017052 
  H      1.994222    4.254153    9.137313 
  C     -0.073701    3.699874    9.655063 
  H     -0.363185    4.532368    8.991242 
  H     -0.309617    2.776172    9.103566 
  H     -2.168122    1.216056   14.176315 
  H     -0.859154    7.230919   13.735311 
  H      1.242146    1.270161   11.580933 
  H      2.609644    5.651338   15.695406 
  H     -1.650300   -1.932901   11.260828 




[(PhBIAN)Co(η4-cod)] (phenyl-substituted Int-A) 
Co  0.18285955827941      4.31353830856844     12.48400949294306 
  N   0.64304127283696      4.97528732521083     14.26705170195598 
  N   -0.21345791092416      2.65684841178506     13.45135985702927 
  C   0.47246677938101      4.04978981907910     15.21454756227334 
  C   -0.02036228046401      2.77715135960982     14.76713293123919 
  C   -0.16222723348218      1.89576063937059     15.92509587762773 
  C   -0.56473406915622      0.58724907112282     16.15082049836386 
  H   -0.88938040025102     -0.05821320823595     15.33528690402214 
  C   -0.54960583513698      0.09115116973782     17.48282266149153 
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  H   -0.86809171284365     -0.93838436534259     17.65441356267927 
  C   -0.15000947745287      0.86008286309496     18.56624503599226 
  H   -0.15742197912351      0.43583597452148     19.57191670531862 
  C   0.27280639187216      2.20801170447731     18.36928257169851 
  C   0.71393642622374      3.13015871030810     19.36405230547119 
  H   0.75069209854887      2.82187492207879     20.41049001287893 
  C   1.09504045342654      4.41419808308601     19.00233534586036 
  H   1.42883239251808      5.10467654129941     19.77862179472549 
  C   1.07226679794204      4.87350862439494     17.65726306622047 
  H   1.38506528643674      5.89129503294531     17.42604623814524 
  C   0.64959579406278      4.00068244944625     16.66502346763956 
  C   0.25351498142721      2.67968371228733     17.04831389160800 
  C   -0.72910670971158      1.42236607450045     12.97702368425796 
  C   0.13889928101701      0.44115792572239     12.47831883016970 
  C   -0.36751047028289     -0.77893329416623     12.02766644742722 
  H   0.31601563039786     -1.54016296711673     11.64875400145441 
  C   -1.74266414388429     -1.02763267013066     12.06286455071641 
  C   -2.61035581931896     -0.04842133847022     12.55456184338694 
  H   -3.68455274370907     -0.23632773145751     12.58744677257603 
  C   -2.10828217272429      1.17224674434333     13.00877666942359 
  C   1.15820794853336      6.23533831127372     14.66962707321876 
  C   2.54075986472687      6.42376000648573     14.80466809570596 
  C   3.04300233844939      7.65970792888806     15.21578713827699 
  H   4.12005604044563      7.79610756104926     15.32340723695535 
  C   2.17163280154443      8.71701231294791     15.49200655754089 
  C   0.79285172405264      8.53221839249395     15.35398173509995 
  H   0.10681974966379      9.35222293564822     15.57113302665510 
  C   0.28637780816273      7.29886138468740     14.94104103460431 
  C   0.07780265336987      3.39344656269370     10.65150233178091 
  H   0.22995487746577      2.32921120050151     10.84391146677669 
  C   -1.16777162767248      3.93215476782562     11.02767220009760 
  H   -1.89189122677556      3.23696270802969     11.46419951274763 
  C   -1.76625105027712      5.21238184788388     10.49313033707520 
  H   -2.61167775669957      5.48725636392438     11.14199088310176 
  H   -2.19051560855283      5.06033166188026      9.48205980686384 
  C   -0.73357775900261      6.35847553575714     10.49434694395549 
  H   -0.19314446694396      6.39651280660899      9.53767579985075 
  H   -1.25024744873941      7.32452963630956     10.59130591271625 
  C   0.23961119873092      6.18511032604204     11.64560550136428 
  H   0.11038927701512      6.88837091325286     12.47137058131714 
  C   1.49029217102554      5.54428266706735     11.55230012923716 
  H   2.23714752278466      5.81624643426717     12.30483878354901 
  C   2.05500436842108      4.89829695394555     10.30891705997910 
  H   2.91685453066401      4.28315444549957     10.60912310229711 
  H   2.44876461568135      5.66103784642882      9.60990322113183 
  C   1.00787215130517      4.00076269164751      9.61817999756741 
  H   0.43370551061841      4.57326570740982      8.87580397749187 
  H   1.51385369021823      3.19875285313607      9.06107107265581 
  H   -2.77236015145866      1.93885991418967     13.41001670064790 
  H   -0.78702520023346      7.13559452705273     14.83784870461569 
  H   1.21000434274223      0.64639717573102     12.46641661869242 
  H   3.20807483222581      5.58532194600151     14.60127451364636 
  H   -2.13643863412404     -1.98102178824957     11.70915286917690 
  H   2.56560072672795      9.68180556961827     15.81322578901032 
 
Int-B (with phenyl groups) 
Co     8.271950    5.415248   22.056285 
  P     11.837756    6.613412   21.091105 
  P      8.346178    6.746012   25.104822 
  N      9.228333    3.760836   21.590980 
  N      7.065914    4.085439   23.066844 
  C      8.656477    2.644929   22.098302 
  H     14.136769   11.016131   20.277529 
  C     14.225157   10.417624   22.355265 
  H     14.757921   11.316007   22.676097 
  C     13.876239    9.436072   23.286672 
  H     14.121493    9.563690   24.342867 
  C     13.193976    8.290196   22.873039 
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  C      7.544556    2.828038   22.969825 
  C      7.092792    1.513545   23.431272 
  C      6.075995    1.016476   24.242473 
  H      5.386215    1.684968   24.756914 
  C      5.948711   -0.391132   24.405146 
  H      5.147907   -0.763871   25.049719 
  C      6.792784   -1.302645   23.786996 
  H      6.659219   -2.376524   23.941132 
  C      7.839400   -0.829088   22.934225 
  C      8.773308   -1.625974   22.199371 
  H      8.736603   -2.715890   22.274720 
  C      9.712156   -1.006850   21.387109 
  H     10.417150   -1.625646   20.825390 
  C      9.801058    0.406127   21.242464 
  H     10.554075    0.834367   20.581579 
  C      8.911703    1.211521   21.948719 
  C      7.948911    0.558381   22.787539 
  C      6.102451    4.365613   24.045904 
  C      4.897403    4.993963   23.685488 
  C      3.956259    5.330629   24.658508 
  H      3.036040    5.838239   24.361654 
  C      4.196087    5.051959   26.007475 
  C      5.389914    4.421222   26.374181 
  H      5.599354    4.219397   27.426912 
  C      6.336189    4.086629   25.407748 
  C     10.247833    3.528315   20.635491 
  C     11.578903    3.358310   21.045697 
  C     12.570423    3.050220   20.113536 
  H     13.603757    2.932458   20.445762 
  C     12.253976    2.926677   18.757481 
  C     10.933617    3.119720   18.342295 
  H     10.680426    3.053717   17.282265 
  C      9.936492    3.418202   19.271459 
  C      8.335110    7.097007   23.317033 
  B      9.824273    8.860642   21.632255 
  C     12.430775    6.419530   19.355110 
  C     11.653425    6.437861   18.188463 
  H     10.591662    6.660421   18.255675 
  C     12.226245    6.153545   16.944928 
  H     11.594786    6.166798   16.053456 
  C     13.584333    5.851334   16.834880 
  H     14.025626    5.627133   15.860947 
  C     14.372956    5.830044   17.991741 
  H     15.436823    5.588181   17.927928 
  C     13.797899    6.098139   19.231261 
  H     14.414577    6.058904   20.133072 
  C     12.823091    8.118230   21.529977 
  C     13.179284    9.111125   20.602877 
  H     12.882607    8.996953   19.559830 
  C     13.879213   10.247234   21.010119 
 
  H     12.910209    7.532862   23.605081 
  C      6.947846    7.622134   25.931516 
  C      6.048529    8.519522   25.336728 
  H      6.164957    8.782251   24.288147 
  C      4.998876    9.069152   26.078615 
  H      4.304674    9.757488   25.590952 
  C      4.832944    8.746715   27.427787 
  H      4.006834    9.174413   28.000813 
  C      5.730343    7.861750   28.035001 
  H      5.609006    7.590845   29.086718 
  C      6.764751    7.299951   27.288563 
  H      7.445526    6.582357   27.753998 
  C      9.726596    7.797739   25.758491 
  C      9.664453    9.196206   25.854302 
  H      8.745662    9.709842   25.570566 
  C     10.775271    9.930218   26.272399 
  H     10.718541   11.020263   26.315082 
  C     11.964425    9.278434   26.615822 
  H     12.835133    9.856235   26.933834 
  C     12.033132    7.884519   26.542215 
  H     12.959220    7.366117   26.801428 
  C     10.920331    7.153293   26.119506 
  H     10.974568    6.065715   26.034808 
  B      9.732955    7.433810   22.715780 
  B      8.233126    8.718170   22.580122 
  B      7.006330    7.173845   22.484686 
  H      5.974276    7.085318   23.077642 
  B      6.916470    8.437586   21.235739 
  B      8.345441    9.355056   20.867113 
  H      8.227108   10.533897   20.668742 
  B      9.519376    8.345533   19.990694 
  H     10.233063    8.719783   19.104142 
  B      7.796196    8.061141   19.763429 
  B      7.140813    6.748301   20.742740 
  H      6.218346    6.143763   20.252196 
  B      8.844475    6.638970   20.169710 
  H      9.148829    5.884848   19.293245 
  C     10.103186    7.270833   21.110797 
  H     10.678503    7.435036   23.449303 
  H      8.062899    9.562677   23.413473 
  H      7.337564    8.295132   18.676225 
  H      5.859714    9.014097   21.227658 
  H     13.037215    2.725113   18.025453 
  H      3.474800    5.351012   26.769898 
  H      8.902022    3.568245   18.965097 
  H      4.732946    5.219190   22.632888 
  H      7.284125    3.627365   25.686500 
  H     11.813493    3.471200   22.103199 
  H     10.716375    9.609347   21.888431 
 
 
Int-C (with phenyl groups) 
Co     8.529797    5.480325   22.136027 
  P     11.922576    6.386787   21.207813 
  P      8.455798    6.922082   25.275686 
  N      9.285363    3.852807   21.438623 
  N      7.499853    4.272710   23.206958 
  C      8.707186    2.748011   21.936575 
  C      7.705819    2.981590   22.906552 
  C      7.111074    1.701096   23.300884 
  C      6.103712    1.269817   24.151085 
  H      5.523425    1.972174   24.748413 
  C      5.833307   -0.124658   24.237562 
  H     13.879060   10.941957   20.408864 
  C     14.087467   10.312189   22.467894 
  H     14.571894   11.237077   22.786801 
  C     13.848459    9.291237   23.390299 
  H     14.136923    9.415450   24.434788 
  C     13.224162    8.111794   22.981224 
  H     13.024773    7.321145   23.705486 
  C      6.955971    7.681739   26.027832 
  C      5.943782    8.402828   25.378230 
  H      6.019693    8.609522   24.314360 
  C      4.829153    8.857880   26.088980 
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  H      5.038156   -0.454050   24.909507 
  C      6.534030   -1.073338   23.508762 
  H      6.291542   -2.133633   23.607343 
  C      7.572794   -0.663339   22.620060 
  C      8.376130   -1.500963   21.789439 
  H      8.226686   -2.582737   21.803808 
  C      9.338530   -0.938518   20.965077 
  H      9.944181   -1.592802   20.334696 
  C      9.574570    0.463287   20.898174 
  H     10.342161    0.850586   20.229102 
  C      8.811882    1.305188   21.694112 
  C      7.823376    0.714006   22.545592 
  C      6.484304    4.498324   24.181309 
  C      5.189071    4.861489   23.794374 
  C      4.199194    5.040227   24.761519 
  H      3.196800    5.342626   24.455106 
  C      4.491053    4.847473   26.114688 
  C      5.776125    4.456748   26.496885 
  H      6.011618    4.303974   27.550723 
  C      6.773728    4.285677   25.535457 
  C     10.277841    3.571112   20.451361 
  C     11.594985    3.318785   20.851107 
  C     12.548015    2.930228   19.906479 
  H     13.575950    2.748539   20.222429 
  C     12.192712    2.791104   18.563803 
  C     10.874339    3.033170   18.168075 
  H     10.590318    2.931627   17.119740 
  C      9.917886    3.420717   19.106358 
  C      8.437110    7.096493   23.454179 
  B      9.807955    8.564645   21.882640 
  C     12.478521    6.259944   19.452989 
  C     11.709296    6.289358   18.283073 
  H     10.641989    6.479441   18.340157 
  C     12.300892    6.062075   17.036231 
  H     11.677037    6.086209   16.140512 
  C     13.667278    5.804702   16.929810 
  H     14.122900    5.627747   15.953711 
  C     14.447551    5.770223   18.091044 
  H     15.518480    5.566303   18.028974 
  C     13.856269    5.985488   19.333046 
  H     14.470000    5.943142   20.236755 
  C     12.810962    7.944798   21.651188 
  C     13.065697    8.971925   20.728933 
  H     12.745206    8.854082   19.694017 
  C     13.700483   10.145601   21.134126 
 
  H      4.048286    9.408221   25.560441 
  C      4.711767    8.618780   27.459445 
  H      3.838032    8.975039   28.008554 
  C      5.723297    7.916445   28.122288 
  H      5.645542    7.720427   29.193689 
  C      6.823651    7.445365   27.408730 
  H      7.599307    6.871360   27.922560 
  C      9.707529    8.196571   25.759541 
  C      9.442602    9.573161   25.792761 
  H      8.447907    9.934115   25.533015 
  C     10.444401   10.479912   26.143303 
  H     10.227581   11.549840   26.146861 
  C     11.721959   10.023744   26.479809 
  H     12.504565   10.735341   26.749392 
  C     11.990863    8.652852   26.471688 
  H     12.983377    8.285899   26.740970 
  C     10.989016    7.748138   26.116439 
  H     11.195651    6.676329   26.103430 
  B      9.861413    6.929201   22.908089 
  B      8.095636    8.625603   22.651379 
  B      7.114402    7.069979   22.556034 
  H      6.111031    6.921931   23.175552 
  B      6.940742    8.272569   21.288594 
  B      8.445474    9.155414   21.006198 
  H      8.422467   10.334734   20.799360 
  B      9.622989    8.098440   20.199830 
  H     10.390886    8.426107   19.348568 
  B      7.899666    7.891156   19.868867 
  B      7.219391    6.567374   20.834461 
  H      6.334354    5.909185   20.355341 
  B      8.880486    6.454547   20.246711 
  H      9.198760    5.725098   19.366378 
  C     10.129116    6.967779   21.313116 
  H     10.816359    6.741919   23.603218 
  H      7.860923    9.485061   23.447529 
  H      7.514431    8.124817   18.758436 
  H      5.873455    8.811605   21.196079 
  H     12.944799    2.515029   17.824192 
  H      3.722177    5.013120   26.870294 
  H      8.883199    3.598301   18.817620 
  H      4.979513    5.002181   22.735151 
  H      7.782235    3.988093   25.815495 
  H     11.852304    3.421212   21.903283 
  H     10.687600    9.231799   22.322982 
 
 
2 (isolated product, phenyl groups) 
Co  8.46119589552652      6.51288929634681     22.64612951951804 
  P   11.68172684778420      9.86536941398784     21.81008856361535 
  P   9.62624701327115      7.50954746765845     25.62987656509710 
  N   9.57663035402917      4.94355042262857     22.70479901498552 
  N   7.17567467808002      5.34866401233725     23.48237330344316 
  C   8.97170185465215      3.88413186888978     23.25431103751334 
  C   7.63911339715784      4.11369704097667     23.69504677038575 
  C   7.12685515957183      2.89030993496038     24.31824206184539 
  C   5.94992737840818      2.48678562171859     24.93021365911822 
  H   5.10754838640964      3.16857268480313     25.04487769381391 
  C   5.85874622875903      1.15295078348454     25.41685501314555 
  H   4.92935989118421      0.84193401149513     25.89829057287804 
  C   6.89659081855407      0.23940812906813     25.30610904716688 
  H   6.78084659591039     -0.77431099828163     25.69571650422868 
  C   8.12207239517547      0.62349514828185     24.68368768889464 
  C   9.28400016824333     -0.18272098572330     24.49210812208554 
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  H   9.28930226167054     -1.21806176428840     24.83967259978656 
  C   10.40181007153299      0.35047528162902     23.86753358129354 
  H   11.28208103588895     -0.28075885061724     23.72966211684260 
  C   10.45727795220694      1.69222578561349     23.39769222720893 
  H   11.36315827380147      2.06407917680258     22.91948908857892 
  C   9.34461553033313      2.50244840997865     23.56847278655664 
  C   8.19360937981659      1.94178127131310     24.21037694703269 
  C   5.92536574476201      5.65042505944599     24.09325946641508 
  C   4.73312139603695      5.58513290438317     23.36726120827191 
  C   3.51987742050511      5.85491124571354     24.00501513433504 
  H   2.59041554383656      5.80476150549948     23.43519488312220 
  C   3.49353804799465      6.20151515208396     25.35910651043601 
  C   4.68988955153655      6.27357976456609     26.08022708611487 
  H   4.68771265708612      6.56208428658258     27.13253161783165 
  C   5.90108992113057      5.99449342437132     25.45039645086107 
  C   10.96500260515224      4.78343785963663     22.44334748525456 
  C   11.86256336879691      4.82113159622652     23.51782381347581 
  C   13.22102143879918      4.59286207455724     23.30094122137074 
  H   13.91534708555460      4.62123134781744     24.14277532369106 
  C   13.68947155996465      4.32766005531142     22.01126297466294 
  C   12.79432974300027      4.30747375857350     20.93889827536734 
  H   13.15841758868669      4.12320505119122     19.92764065493672 
  C   11.43458999230314      4.53869180934685     21.14901884996088 
  C   9.04090288882167      7.93251715978453     23.95525155748876 
  C   10.01169321848482      9.06564390123286     21.65694201698312 
  C   12.79850279651695      8.66503138972535     20.96165684438403 
  C   13.86865269160615      8.15087718572521     21.70527068849804 
  H   13.95017766396069      8.41615408801336     22.76074436403041 
  C   14.81716971704957      7.31875296710468     21.10535382035674 
  H   15.64587868752652      6.92494725468403     21.69615645209779 
  C   14.69520406973219      6.98288910583222     19.75675127382754 
  H   15.43285907715998      6.33030283290019     19.28551178996649 
  C   13.61470897147316      7.47052820354970     19.01322226198674 
  H   13.50766538912888      7.19833256518398     17.96129660378267 
  C   12.67443075595934      8.30937529268002     19.61024764558463 
  H   11.83701709779279      8.69383770115909     19.02732920114804 
  C   11.80945531308009     11.23624594949493     20.57217621761392 
  C   12.88448666499712     12.11078422306602     20.81420649690446 
  H   13.51358997695336     11.94361685358720     21.69254797106967 
  C   13.15458310179623     13.17778137455628     19.95645818826181 
  H   13.99992568440306     13.83821047887351     20.16038971623705 
  C   12.33282879005237     13.40784739197486     18.84922960629994 
  H   12.53146889087580     14.24832415619614     18.18143949203820 
  C   11.24894296778495     12.55890043670355     18.61099680181428 
  H   10.59567543984531     12.73394644529144     17.75368438607550 
  C   10.99023005107867     11.48040573707198     19.46052621085970 
  H   10.14537509070371     10.82680894833392     19.25752160843987 
  C   8.42629970191180      8.30812474231134     26.77749782533106 
  C   7.74505172707529      9.50951635375401     26.51901851495994 
  H   7.92549402802394     10.04664933255403     25.58825443400893 
  C   6.81510008513111     10.00826549323170     27.43152156150542 
  H   6.28602901576027     10.93633884252397     27.20805009182637 
  C   6.54845222221781      9.31664789134061     28.61754757329831 
  H   5.81167548681688      9.70422423968161     29.32368397625974 
  C   7.22100876481343      8.12297489502416     28.88905784629801 
  H   7.01440423221817      7.57233821216483     29.80882191312221 
  C   8.14933527318535      7.62386066856106     27.97142585772194 
  H   8.66050839090181      6.67841325365249     28.16882367424201 
  C   11.10581124526334      8.60776209176947     25.79987952196089 
  C   11.05338846294090      9.96047784583433     26.16529509993736 
  H   10.09788292086854     10.41396687077675     26.42790038105986 
  C   12.21278874648545     10.73810010939282     26.18718557630257 
  H   12.14858229822267     11.79443139055620     26.45507626705727 
  C   13.44631737688236     10.17470235456399     25.85234643008309 
  H   14.34992581166594     10.78671563239105     25.85962051575518 
  C   13.51483368365495      8.82258760889851     25.50845272828305 
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  H   14.47433308193343      8.36864026735830     25.25289345543625 
  C   12.35524973392751      8.04701242791311     25.48686122936373 
  H   12.41222596779995      6.99621559356910     25.20180332649902 
  B   10.11778624464870      7.83403097062410     22.85316363928589 
  H   11.25180260477478      7.57030094231107     23.13200905131359 
  B   8.97683872202614      9.47792134640698     23.16027072267393 
  B   7.55362779368944      8.24499957936339     23.60055543167434 
  H   6.75851554094457      8.25123721567326     24.49080276000148 
  B   7.30344495892929      9.55427933399473     22.42970378415554 
  B   8.67326638337771     10.05278406224548     21.47341935965521 
  H   8.88506196576570     11.20533694531105     21.24936808283584 
  B   9.06480373017470      8.76279369649725     20.28390546466881 
  H   9.51329615567817      9.00486226607746     19.20401679355892 
  B   7.39077656710727      9.05379300878055     20.74642697746996 
  B   6.91619345035390      7.87665641061845     21.96241546251299 
  H   5.77686870851001      7.50927141509630     22.00217358104795 
  B   8.02553404626636      7.36685027399384     20.69886772744063 
  H   7.69448657175108      6.62587751119808     19.81165115529177 
  B   9.70614140632453      7.41813490434217     21.17770960347779 
  H   10.63585634070439      6.86359078688499     20.67912369343134 
  H   9.45013674732668     10.34093434892348     23.83894935662612 
  H   6.61722584557451      9.49849755379928     19.94683625789483 
  H   6.50808836262548     10.38007013323554     22.78107838189348 
  H   14.75231867857076      4.15430552734939     21.83852552266736 
  H   2.54384770900754      6.42446389771188     25.84841831965016 
  H   10.72220668082793      4.52431655023180     20.32553286617642 
  H   4.77403900021851      5.32687627622496     22.31013261820588 
  H   6.84296902795680      6.05342596870893     25.99472565296800 
  H   11.46702026926670      5.01444325547677     24.51619027621696 
 
2 (isolated product, xylyl groups) 
Co  8.55402005041267      6.50379886662418     22.93752156382546 
  P   11.71468501726361      9.87963003565017     21.95005077633607 
  P   9.74928698259570      7.88415686442691     25.91723311061255 
  N   9.64993658002357      4.90550197424760     22.89418636372034 
  N   7.23284856762310      5.28962959104242     23.65170643942589 
  C   9.00558265100712      3.81648483520941     23.32374334470085 
  C   7.66753901790400      4.03317884387735     23.75382228965612 
  C   7.09853739474372      2.75952527702883     24.20081871844968 
  C   5.88781642879089      2.32237342167190     24.71652757443925 
  H   5.05812041847286      3.01090590952521     24.87693714361505 
  C   5.74376050301381      0.94268251680965     25.03320920050695 
  H   4.78848090737625      0.60388809001126     25.43915358328038 
  C   6.76054210631011      0.01754897973531     24.84674259090685 
  H   6.60218909941494     -1.03209490084857     25.10349747841046 
  C   8.01816719097182      0.43507464691736     24.31647654646765 
  C   9.16260864511553     -0.37809974544420     24.05870208363809 
  H   9.12748579641760     -1.44803065617903     24.27484149835506 
  C   10.31364045665944      0.19085719493567     23.53374480412329 
  H   11.17861473313041     -0.44724186310264     23.34178916601703 
  C   10.42200629586712      1.57701454238868     23.23109119569428 
  H   11.34944983656105      1.97441176676891     22.81872103825800 
  C   9.32793356991765      2.39514141280518     23.47250812776291 
  C   8.14258233225663      1.79816515938236     24.01186998418532 
  C   5.87904149353510      5.50176976261481     24.05104561104078 
  C   4.85408809832489      5.27811533923792     23.10943244962341 
  C   3.53006909063182      5.46997340743974     23.51797469419192 
  H   2.72735417661370      5.31371770095906     22.79394325287999 
  C   3.23034037246685      5.86385674984373     24.82380671068132 
  C   4.25860862951154      6.04714881066499     25.74681250719198 
  H   4.03010904303398      6.34139632576933     26.77361890919916 
  C   5.59819827521230      5.85645059643939     25.38140866304869 
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  C   10.99635611166465      4.67193492257264     22.47812148340867 
  C   12.01078750656953      4.65469467983371     23.45354975351269 
  C   13.31759942919646      4.35492927076120     23.04939389986044 
  H   14.11204354262275      4.34448501004842     23.79921266340689 
  C   13.60432849482801      4.05734364986942     21.71831527440279 
  C   12.57928391334697      4.04699643357332     20.77332506754993 
  H   12.79775277370151      3.80544205287873     19.73123972503642 
  C   11.25913104888786      4.34030832951006     21.13437082030240 
  C   9.11815672808459      8.02748455948058     24.20709684807370 
  C   10.04852399527144      9.05807981904914     21.85042709451296 
  C   12.78802819445770      8.67529407058802     21.05554526070927 
  C   13.78369190794826      8.02791565309683     21.79942460817366 
  H   13.85966479524908      8.23282882062777     22.86845205140463 
  C   14.66236605022361      7.13403960150453     21.18380345645977 
  H   15.42727963874139      6.63022594226449     21.77621103249498 
  C   14.54872976090942      6.87377014671501     19.81779656885405 
  H   15.22851088397911      6.16825132505361     19.33643596519818 
  C   13.54950817089092      7.50516855208097     19.07013996852012 
  H   13.44854422903583      7.29427184962315     18.00367750370054 
  C   12.67689707405670      8.40271356218139     19.68412811561353 
  H   11.89806176323710      8.89155916186347     19.09871147330454 
  C   11.76400558680965     11.26213107830670     20.72264710232185 
  C   12.76804738909179     12.21042356401702     20.98905099108176 
  H   13.38538264483219     12.08656221910456     21.88259109589820 
  C   12.98061337492649     13.29588294732426     20.13761318809735 
  H   13.77092031135921     14.01545605440319     20.36107854788534 
  C   12.17056306054802     13.46756909094867     19.01176489663125 
  H   12.32356988732192     14.32124434998498     18.34871740334404 
  C   11.15578310059436     12.54357798033161     18.74789264517789 
  H   10.51177998068121     12.67339063108106     17.87569763762859 
  C   10.95514145940176     11.44878351488117     19.59168724075225 
  H   10.16163390155013     10.73810189285251     19.37066468093654 
  C   8.61750774382911      8.87681765957076     26.97925481225714 
  C   7.82826789908428      9.95677436190170     26.55292094235508 
  H   7.84595076851784     10.26897188632892     25.51004041094566 
  C   7.00337541893967     10.63197780078180     27.45453906074156 
  H   6.38988250933122     11.46275713710376     27.10129828484593 
  C   6.95661504789117     10.24575430207567     28.79724950736995 
  H   6.30582834490650     10.77280352143547     29.49753162268300 
  C   7.74108227554454      9.17557850089519     29.23536878453365 
  H   7.70740949272561      8.86109946196447     30.28033615645063 
  C   8.55759023976540      8.49522813395649     28.32959119806759 
  H   9.15334380413221      7.64227954731199     28.66356404337167 
  C   11.22868989159750      8.99463568062213     25.86828180392369 
  C   11.16779910138725     10.38670868521220     26.02788909547680 
  H   10.21221619251720     10.86508843449783     26.24144425723816 
  C   12.31729736539137     11.16940504895636     25.90584221374764 
  H   12.24443389285168     12.25347182451773     26.01119299699562 
  C   13.55025656780050     10.57360706373563     25.63225752909387 
  H   14.44599872733256     11.18779957105118     25.52496390912518 
  C   13.62879976237722      9.18570946667150     25.49735265777289 
  H   14.58898892102735      8.70798719854601     25.29280343571319 
  C   12.47896356550554      8.40463759695168     25.61827934555031 
  H   12.54428927313673      7.32355867313185     25.49993111723006 
  B   10.18397569342984      7.86183464226534     23.10119389152743 
  H   11.32553830580784      7.63236123060234     23.38038190041868 
  B   9.02804735132275      9.51225476361154     23.32592627758613 
  B   7.61673990587371      8.24622122923757     23.84804284703781 
  H   6.82234594971201      8.25946161304173     24.74272507339137 
  B   7.33941926022794      9.52247164771580     22.62370254971636 
  B   8.68878636224601     10.01223382956314     21.63636519387455 
  H   8.87550133940371     11.15982273937641     21.37108109378067 
  B   9.10185279665473      8.68609249378035     20.49584876513706 
  H   9.54280777206276      8.88916483176201     19.40504740566551 
  B   7.42342583415877      8.96086108352867     20.95947679447345 
  B   6.98241181601860      7.83099444272475     22.22815749806323 
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  H   5.84776572068600      7.46084719613432     22.29313821315720 
  B   8.09377653396491      7.29198574861251     20.97523199891409 
  H   7.76463522942529      6.51563656604400     20.11591517988122 
  B   9.78022679587593      7.39764659955114     21.44462302282020 
  H   10.72174868173919      6.84586525449143     20.96606461015953 
  H   9.48879977701681     10.42004438751803     23.95002242963374 
  H   6.63502914456624      9.35126785301472     20.14657491312649 
  H   6.53193516199040     10.34485675267990     22.95561496354518 
  H   14.62839030593767      3.83334096477192     21.41537226599243 
  H   2.19244054720789      6.02393085606839     25.12183629849044 
  C   10.13862387553447      4.22777191759316     20.14076857641371 
  C   5.18762265819948      4.81062599265772     21.72129196219080 
  C   6.69606690622788      5.94981227197529     26.40195742157355 
  C   11.67152766161434      4.83452754656401     24.90480379145436 
  H   7.64742173447162      6.24414120896892     25.94420601271541 
  H   6.86347019858163      4.96984171179200     26.87942696662594 
  H   6.44819676024705      6.67342008765885     27.18869273250071 
  H   4.29478184065796      4.82420245720305     21.08231087944663 
  H   5.58304911135438      3.78228482853761     21.73788940584435 
  H   5.96163118000788      5.44614499192893     21.26905269435062 
  H   10.53350606621564      4.07256034078786     19.12804960122819 
  H   9.50418294983684      5.12363076720234     20.14409260494506 
  H   9.48489483813692      3.37644226818303     20.38983911235799 
  H   10.96733204258192      5.66089557908234     25.07321556312111 
  H   12.57707602900740      5.00958807700315     25.50158464372476 
  H   11.18037858520366      3.93037947668021     25.30063017512510 
 
2’ (phenyl groups) 
P   7.59460311913128      9.87609398730674     22.42242501946684 
  P   9.26022405683305      9.92403436299470     24.89350130863415 
  C   9.67015920150671      9.35433874776162     20.65034198319102 
  H   9.98279775591025      8.71918112247367     21.48299891124839 
  C   11.71661726540650     10.11402985092210     23.60267083507738 
  H   11.09552621627008      9.94233850465588     22.72639412010197 
  C   11.10089354926025     10.18595050115767     24.86444844899168 
  C   11.92572514074284     10.28945767763731     25.99442887453143 
  H   11.49118978975879     10.28581750174927     26.99196272250661 
  C   8.93862371883380      9.77376442374709     26.71164857759584 
  C   8.47652083474809     10.06871579739727     20.79909057263153 
  C   5.66193192867910      8.91499942178598     20.65949659632957 
  H   6.52098701537740      8.52878674015942     20.11026307555174 
  C   8.75799190172246     10.94382520797989     18.55246588790838 
  H   8.39417962655103     11.56217017873427     17.72939267284712 
  C   8.31959393959274      8.57963337357445     27.11252999194645 
  H   8.04946831520289      7.85492210684606     26.33884715123048 
  C   4.74336536135491     10.14024716126552     22.52264277847605 
  H   4.86530604761365     10.68924455237690     23.45109073896509 
  C   5.86947207135570      9.70866255761587     21.80378268810446 
  C   4.37318540445646      8.61580885924438     20.21745678521081 
  H   4.23965454366102      7.99928844997648     19.32631934011762 
  C   9.28504480050414     10.71590653983855     27.69447026763901 
  H   9.78377243691610     11.64118126153661     27.41185616425112 
  C   8.36701020205109      9.29084413560837     29.42534688677562 
  H   8.13771301142770      9.10960936506541     30.47725183778246 
  C   7.70680615499569     11.68081498517259     23.07084826845837 
  C   8.64425245382617     11.69446162341311     24.48370027995871 
  C   3.45579533073375      9.85771112331356     22.06806393683000 
  H   2.59876369114171     10.21059908802399     22.64274952171197 
  C   8.01398197978889     10.85054407973071     19.73027590042309 
  H   7.06256455897197     11.37541223697677     19.81472066541880 
  C   9.96530136334848     10.24836558311715     18.42483971271852 
  H   10.54541524032303     10.32686775839893     17.50321642403983 
Chapter 7. Direct Synthesis of an Anionic 13-Vertex closo-Cobaltacarborane Cluster 
329 
  B   7.35065984199304     14.42689804688182     23.24405444676552 
  H   6.86798753281141     15.41219838289256     22.77265209520472 
  C   13.90626540329187     10.34603243409030     24.59817207343768 
  H   14.99158740957029     10.40130601782135     24.49666085196226 
  C   13.09800474700556     10.21033248663048     23.46611802228661 
  H   13.54603874585095     10.14292392095856     22.47397504043908 
  B   6.70699784751388     13.66596654152378     24.72247694689515 
  H   5.77595223650201     14.09058530908545     25.33694448903794 
  B   8.32168073278426     14.43475114660396     24.72585240114625 
  H   8.55290436650744     15.42730708557991     25.34834263173144 
  C   13.31486117207953     10.36936434558364     25.86179092652792 
  H   13.93637580840302     10.44367508650936     26.75666989859063 
  C   10.41700546022295      9.44326275337378     19.47435471199421 
  H   11.34859782337669      8.88198424958851     19.37995254134018 
  C   3.26182830746925      9.10423940303171     20.90878471748058 
  B   6.94893670750194     11.91060961792649     24.58452635200452 
  B   9.53255140468671     13.13479594592304     24.60008612270058 
  H   10.60956573146800     13.07574447072891     25.10289468486140 
  C   8.99156744710982     10.48034219642041     29.03959106532845 
  H   9.25231086255588     11.23075355263292     29.78863799663863 
  B   8.06105642731563     12.89277869595727     25.55365802277889 
  H   8.08809137675392     12.70027434022784     26.72119500288315 
  B   7.95492177277555     13.13088594950030     22.19943261981491 
  B   6.49395201068369     12.87447295238705     23.15236168333466 
  H   5.45635325900915     12.67281979339399     22.61374554842739 
  C   8.03938302481686      8.33610051907961     28.45846529161851 
  H   7.55704461792412      7.40085130389425     28.74762463609980 
  B   9.10033462323197     14.08712800465526     23.16183484910734 
  H   9.88746402097238     14.81438299626155     22.63702981294241 
  B   9.29195231772959     12.33255923064949     23.03314300317635 
  H   10.13272208593571     11.74208841344876     22.45234482098884 
  Co  8.34771862247364      8.48996253223950     23.73879209737904 
  N   9.49543424771891      6.95683528084383     23.57159634625062 
  N   6.98882300356240      7.17311568141082     24.15133574971635 
  C   8.84939810821567      5.79606148845744     23.81526152969419 
  C   7.45270063865953      5.89932932637506     24.07171610267318 
  C   6.93571767774693      4.55796015574624     24.36598579735185 
  C   5.72338995988226      3.99064766052669     24.74545151684249 
  H   4.82544399327923      4.59603371978412     24.86326814640297 
  C   5.65776668391394      2.58973579219000     24.98367125936295 
  H   4.69593290954624      2.16318602336198     25.27796010851932 
  C   6.75487717560668      1.75100148725588     24.85921109486879 
  H   6.65857408057958      0.68024033060642     25.05215462033509 
  C   8.02217820575550      2.29770149133946     24.49135577668552 
  C   9.25541459892124      1.58811950551631     24.35680184117972 
  H   9.27977830776027      0.50800836996293     24.51801890939592 
  C   10.41599225753265      2.27502457771011     24.03304049286173 
  H   11.35185263734093      1.71931488593634     23.93934472208102 
  C   10.44507271344545      3.68160428041304     23.82265528915347 
  H   11.38730992698993      4.17538904718778     23.58509166477144 
  C   9.26037661887188      4.39867733435277     23.93656683981314 
  C   8.06649464310015      3.67895379291802     24.26203526735953 
  C   5.61192306073371      7.40832675117262     24.29070240680795 
  C   4.65572088200102      6.76354565663784     23.48505210046880 
  C   3.29600498259085      6.99806070001936     23.67808039182277 
  H   2.56828047517816      6.50106417078521     23.03395344228723 
  C   2.86151356782231      7.87930814632129     24.67384114162746 
  C   3.80845207122909      8.55300635086564     25.45217741765526 
  H   3.48552437998061      9.26199229862051     26.21708565821361 
  C   5.17071557262235      8.33243472867628     25.25376743983192 
  C   10.90385760844997      6.91110506968661     23.48951278475533 
  C   11.68667839046999      7.02493423841663     24.65077347709190 
  C   13.07624911822008      6.98013487018008     24.57259049112541 
  H   13.66909238626421      7.08607692009297     25.48219816277964 
  C   13.71120358884001      6.81948758094535     23.33627981710024 
  C   12.93760921495667      6.70397475985311     22.17737202817823 
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  H   13.42227236695280      6.57480716197422     21.20732183121669 
  C   11.54403565506832      6.74829096721488     22.25069418653409 
  H   14.80028059670047      6.79725792777932     23.27606893701403 
  H   1.79555469607783      8.05944763891224     24.82266432956675 
  H   10.92958188132573      6.63637675268265     21.35666739111758 
  H   5.00036751840472      6.08633172847473     22.70368527941417 
  H   5.92217408449474      8.85461305714814     25.84515225925263 
  H   11.17958071643828      7.15354851045145     25.60715975671206 
  H   2.25234536590507      8.87558283714881     20.56282855616372 
  H   7.93312208533856     13.09245025005794     21.01470617107769 
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8 Summary 
Chapter 1. α-Diimine Complexes of Fe and Co in Catalysis 
The introductory chapter of this thesis reviews the relevance of Fe and Co diimine complexes 
in reductive transformations. Remarkable catalysts have already been discovered based on 
neutral heteroleptic 1,3-diiminopyridine and BIAN (bis(aryl)iminoacenapthene) complexes. 
Furthermore, this chapter describes how the synthesis of heteroleptic low-valent Fe and Co 
complexes with redox-active α-diimine ligands provides a platform for highly reactive 
complex fragments. In particular, anionic complexes with high reduction power and an arene 
or olefin molecule as second “placeholder” ligand – while rare – show impressive catalytic 
activity as was reported by the groups of Lichtenberg, Grützmacher, and de Bruin. Finally, the 
contribution of our group to this field is discussed with the synthesis of 
[K(thf){(DippBIAN)Co(η4-cod)}] (Dipp = 2,6-diisopropylphenyl; cod = 1,5-cyclooctadiene). 
 
Figure 1. Heteroleptic α-diimine Co and Fe complexes with labile arene or olefin ligands as a key 
structural motif in this thesis. 
 
Chapter 2. Acenaphthene- and Phenanthrenediimine Ligands in Low-Valent Cobalt Complexes 
Chapter 2 starts with theoretical investigations using DFT methods on the α-diimines ArBIAN 
and ArPhDi (bis(aryl)phenanthrenediimine), which revealed that ArPhDi is a better 
two-electron acceptor than ArBIAN. Three heteroleptic ArPhDi cobaltates 2-3, 2-4, and 2-5 were 
subsequently synthesized in a series of ligand exchange reactions starting from “quasi-naked” 
cobaltates, and thoroughly characterized. The reactivity differences between 2-4 and its BIAN-
based counterpart 2-2 were rationalized using single-crystal X-ray crystallography, which 
illustrated the increased steric hindrance of PhDi. This hypothesis was further confirmed in 
the activation of white phosphorus and the formation of dinuclear [Co2P4]2– complexes in the 
case of DippBIAN and in contrast an end-deck [CoP4]– complex in the case of DippPhDi. The 
chapter ends with quantum chemical calculations on the anion [(DippPhDi)Co(P4)]–, which 
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showed the aromaticity of the tetraphosphido ligand alongside an electronic structure 
analysis.  
 
Scheme 1. Synthesis of heteroleptic ArPhDi cobaltates 2-3, 2-4, and 2-5 and their comparison with 
heteroleptic BIAN cobaltates 2-1 and 2-2.  
 
Chapter 3. Amine-Borane Dehydrogenation and Transfer Hydrogenation Catalyzed by α-Diimine 
Cobaltates 
Chapter 3 describes the application of the BIAN cobaltates 3-1 and 3-2 in catalytic 
dehydrogenation and transfer hydrogenation reactions. [K(thf){(DippBIAN)Co(η4-cod)}] (3-1) is 
a highly active catalyst for the dehydrogenation of alkyl-substituted amine-boranes NR2HBH3 
(R2 = iPr2, Me2, MeH) and ammonia borane under mild conditions (5 mol%, 25 °C, 24 – 72 h). 
The dehydrogenation of NH3BH3 led to the formation of a mixture of polyaminoborane, 
borazine, and polyborazine as proven by 11B NMR spectra in solution and the solid state. 
Kinetic analysis using the Man on the Moon setup demonstrated that more than one equivalent 
of H2 were released per NH3BH3. Reaction monitoring indicated the formation of a dinuclear 
species as the active catalyst. Poisoning experiments with homogeneous 
(dct = dibenzo[a,e]cyclooctatetraene) and heterogeneous [Hg, P(OMe)3] catalyst poison 
indicated that a homogeneous catalyst is present. Experiments using deuterated ammonia 
boranes (NH3BD3, ND3BH3, ND3BD3) showed that the protic N–H bond participates in the rate-
determining step. Catalyst 3-1 was also able to transfer the hydrogen from NH3BH3 to 
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unsaturated molecules such as olefins, imines, and quinolines. The latter molecule was 
effectively hydrogenated (C=C and C=N bond) with only one equivalent of NH3BH3, and must 
therefore lose two equiv. H2. Poisoning experiments again supported a homogeneous 
mechanism and experiments with deuterium gas suggested a direct transfer of H2. Complex 
3-2 showed similar results for the transfer hydrogenation. A related protocol was developed 
for the hydrogenation of sterically hindered tri-substituted olefins which involved first an 
initial activation step by catalytic amounts of NH3BH3, and subsequent hydrogenation under 
10 bar H2. An overall mechanism is depicted in Scheme 2.  
 
Scheme 2. Summary of the mechanistic information gained for amine-borane dehydrogenation and transfer 
hydrogenation (X = CR2; NHR''); Ar = Dipp, Mes. 
 
Chapter 4. Cobalt-Catalyzed Hydrogenations via Cobaltate Intermediates 
Chapter 4 illustrates the application of an in situ catalytic system formed by reduction 
of [(DippBIAN)CoBr2] with three equivalents of LiBEt3H in the hydrogenation of 
sterically hindered olefins under mild conditions (Scheme 3).  
 
Scheme 3. Hydrogenation of olefins and imines catalyzed by an in situ mixture of [(DippBIAN)CoBr2] and 
three equivalents of lithium superhydride.  
 
Particular emphasis was placed on poisoning experiments to distinguish between 
heterogeneous and homogeneous catalysis using dct, P(OMe)3, and mercury (Figure 2, 
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left). Finally, the chapter ends with computational studies on [(DippBIAN)Co(6-C6H6)] 
(4-3). DFT calculations using the broken-symmetry approach revealed a Co(I) center, 
which is antiferromagnetically coupled to a monoanionic BIAN ligand, which results 
in an overall S = 1/2 spin state (Figure 2, right). 
 
 
Figure 2. Kinetic data including poisoning experiments of the hydrogenation of α-methylstyrene catalyzed 
by an in situ mixture of [(DippBIAN)CoBr2] and LiBEt3H (left). Spin distribution from DFT calculations of 
[(DippBIAN)Co(η6-C6H6)] (4-3) (right).  
 
Chapter 5. Heterogeneous Olefin Hydrogenation Enabled by a Nickel(-II) Pre-Catalyst 
In chapter 5 the application of highly-reduced [Li2(thf)4{Ni(η4-cod)(η2-cod)] (5-1) in the 
hydrogenation of sterically hindered olefins under mild conditions (5 bar H2, DME, 24 h) is 
reported. The main goal of this work was a comparison of performance in catalytic 
hydrogenation reactions with other base metalate anions such as bis(anthracene) ferrate(1‒), 
bis(anthracene) cobaltate(1‒) and bis(cyclooctadiene) cobaltate(1‒). The nickelate generates a 
more active catalyst in the hydrogenation of olefins and is also compatible with several 
functional groups not tolerated by other metals (OH, esters, halides). In contrast to the 
homogeneous system proposed for the base metalate anions of iron and cobalt, the active 
species in the nickelate system are found to be nickel nanoparticles. This has been 
demonstrated with the use of reaction progress analyses, stoichiometric reactions, poisoning 
experiments, and transmission electron microscopy. 




Figure 3. In situ formation of catalytically-active nickel nanoparticles from the pre-catalyst [Li2(thf)4{Ni(cod)2}] 
5-1 and subsequent hydrogenation of triphenylethylene to triphenylethane.  
 
Chapter 6. Highly-Reduced α-Diimine Ferrates: Electronic Structure and Catalysis 
In an extension of the work on anionic α-diimine cobaltate complexes described in chapters 
2 - 4 , it was a major goal to synthesize analogous iron complexes and investigate their 
reactivity in catalysis. Two different synthetic routes were applied to get access to such species: 
i) reduction of α-diimine iron(II) dihalide complexes and ii) ligand exchange reaction with 
anionic iron species (Scheme 4). Both routes were suitable for the synthesis of 
6-1-[K([18]c-6)(thf)0.5] and 6-1-[Li(thf)].  
 
 
Scheme 4. Synthesis of 6-1-[K([18]c-6)(thf)0.5] and 6-1-[Li(thf)]. by reduction of [(DippBIAN)FeBr2] (left) or 
ligand exchange with [Li2(dme)2{Fe(η4-cod)2}] (right). 
 
An unusual bis(alkyl) complex 6-2 was obtained using 2,5-norbornadiene instead of cod in 
analogous reactions. In this case, norbornadiene underwent C–C coupling to form a five-
membered ferracycle. Meanwhile, starting from bis(anthracene) ferrate(1–), the reaction with 
the α-diimines DippBIAN and DippPhDi led to the formation of homoleptic bis(α-diimine) ferrates 
6-3 and 6-4 (Figure 3). The characterization of these iron species was done using spectroscopy 
(1H NMR, EPR, 57Fe Mößbauer), theory (DFT, CASSCF), and magnetic measurements (Evans 
NMR, SQUID magnetization measurement). The experimental and theoretical data support 
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the presence of a d7 configuration (S = 1/2) for complex 6-1 and a d5 configuration (S = 3/2) for 
complex 6-2. The electronic configuration of the homoleptic bis(α-diimine) ferrates 6-3 and 6-
4 is more complicated and not fully understood. Both complexes are inbetween a square-
planar and a tetrahedral coordination environment. Theoretical investigations (CASSCF) 
showed that in both complexes the quartet (S = 3/2) and the sextet state (S = 5/2) are close in 
energy, differing just by 1.7 kcal mol–1 in favor of the quartet state for 6-3 and to 3.0 kcal mol–1 
in favor of the sextet state for 6-4. The EPR spectra can be simulated using the spin states 
provided by theory. Magnetic susceptibility measurements and 57Fe Mößbauer investigations 
are in progress for these complexes.  
 
Figure 3. Chemical structures of the heteroleptic α-diimine bis(alkyl) iron complex 6-2 and the two 
homoleptic bis(α-diimine) iron complexes 6-3 and 6-4.  
 
The reactivity of the four complexes 6-1 – 6-4 was further investigated in the catalytic 
hydroboration of carbonyl compounds with pinacolborane. As expected, the heteroleptic 
complexes 6-1 and 6-2 with potentially vacant coordination sites are far more active compared 
to the homoleptic complexes 6-3 and 6-4. Pre-catalyst 6-1-[K([18]c-6)(thf)0.5] showed a broad 
functional group tolerance for halogen, ether, amine, and ester functionalities and exhibits a 
high TOF of 22000 h–1 for the hydroboration of acetophenone with HBPin, which is one of the 
highest TOFs for Fe catalyzed hydroboration of carbonyl compounds (Scheme 5). Mechanistic 
experiments suggest a homogeneous system (Hg poisoning test) and an activation step 
initiated by acetophenone. Further studies should focus on the asymmetric hydroboration of 
carbonyl compounds using chiral α-diimine ligands.  
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Scheme 5. Generic scheme for the catalytic hydroboration of carbonyls with pinacolborane catalyzed by pre-
catalyst 6-1-[K([18]c-6)(thf)0.5] and subsequent work-up with aqueous NaOH/H2O2. 
 
Chapter 7. Direct Synthesis of an Anionic 13-Vertex closo-Cobaltacarborane Cluster 
The reaction of the α-diimine cobaltate [K(thf){(MesBIAN)Co(η4-cod)}] (7-1) and 1,2-
bis(diphenylphosphino)-closo-carborane 7-L led to the anionic 13-vertex closo-cobalta-
carborane cluster (7-2) and not to the expected bis(phosphane) complex. This 
unexpected transformation was investigated by synthetic, spectroscopic , and 
computational methods. The first step of this reaction is an one-electron oxidation of 
7-1 to [(MesBIAN)Co(η4-cod)] (7-1-Int A) as proven by isolation of this compound and 
subsequent reduction of the bis(phosphane) ligand to an dianionic ortho-carborane 
7-ortho-L2– which isomerizes to a nido-carborane 7-nido-L2–. This is consistent with ESI-
MS data and DFT calculations. The anionic 13-vertex closo-cobalta-carborane cluster 7-2 
is formed after further outer-sphere electron transfer and isomerization reactions.  
 
 
Scheme 6. Proposed mechanism based on experimental and quantum mechanical methods. Cations are 
omitted for clarity. Reaction energies were calculated on the M06-D3(0)def2-TZVP CPCM(THF) level of 
theory. 
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